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Preface 


This study is part of a series of Studies in Geophysics that have been undertaken for 
the Geophysics Research Forum by the Geophysics Study Committee. One purpose of 
each study is to provide assessments from the scientific community to aid policymakers 
in decisions on societal problems that involve geophysics. An important part of such 
assessments is an evaluation of the adequacy of current geophysical knowledge and the 
appropriateness of current research programs as a source of information required for 
those decisions, 

This study on active tectonics was initiated by the Geophysics Study Committee and 
the Geophysics Research Forum in consultation with the liaison representatives of the 
agencies that support the Geophysics Study Committee, relevant committees and boards 
within the National Research Council, and members of the scientific community. 

The study addresses our current scientific understanding of active tectonics — partic- 
ularly the patterns and rates of ongoing tectonic processes. Many of these processes 
cannot be described reasonably using the limited instrumental or historical records; 
however, most can be described adequately for practical purposes using the geologic 
record of the past 500,000 years. A program of fundamental research focusing espe- 
cially on Quaternary tectonic geology and gcomorphology, paleoseismology, neotec- 
tonics, and geodesy is recommended to better understand ongoing, active tectonic 
processes. 

The preliminary scientific findings of the authored background chapters were pre- 
sented at an American Geophysical Union symposium in San Francisco in December 
1983. In completing their chapters, the authors had the benefit of discussion at this 
symposium as well as the comments of several scientific referees. Ultimate responsibil- 
ity for the individual chapters, however, rests with their authors. 

The Overview of the study summarizes the highlights of the chapters and formulates 
conclusions and recommendations. In preparing the Overview, the panel chairman 
and the Geophysics Study Committee had the benefit of meetings that took place at the 
symposium and of the comments of the panel of authors and other referees, Responsi- 
bility for the Overview rests with the Geophysics Study Committee and the chairman 
of the panel. 

xi 
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Overview and 
Recommendations 


Ninety-two thousand people were killed in the Tambora, Indonesia, eruption of 
1815; over 820,000 were killed in the Sian, China, earthquake of 1556; 240,000 were 
killed by the earthquake of 1976 at Tangshan, China; and about 6000 were killed in the 
1985 earthquake in Mexico City, Less spectacular, but economically serious, are the 
effects of slower tectonic processes or tectonic events of smaller amplitude that can, for 
example, disrupt river channels or warp coastlines and harbors. Only the most stable 
blocks of the Earth’s crust provide suitable long-term repositories for the disposal of 
radioactive waste, yet almost no region is completely free of tectonic changes over 
millenia. Thus, the evaluation of active tectonic processes is critical to many of man- 
kind’s activities, so that hazards can be minimized and structures can be sited and 
constructed in ways that serve their functions most effectively, economically, and 
safely, 

To fully evaluate ongoing tectonic activity and its associated hazards requires knowl- 
edge of the rates, styles, and patterns of tectonic processes, Many of these processes 
cannot be described reasonably using the limited instrumental or historical records; 
however, most can be described adequately for practical purposes using the geologic 
record of the past 500,000 yr. 

In the following discussion active tectonics is defined as tectonic movements that are 
expected to occur within a future time span of concern to society, and the significance 
of active tectonism to society is of special concern. The entire range of geology, geo- 
physics, and geodesy is, to some extent, pertinent to this topic; but the needs for useful 
forecasts of tectonic activity, so that actions may be taken to mitigate hazards, call for 
special attention to ongoing tectonic activity, its rates, styles, and patterns. The ques- 
tion of what constitutes ongoing is itself addressed because the patterns of activity lead- 
ing to some catastrophic events cannot necessarily be delineated by a few-year-long 
data base or even by all of recorded history. For example, some of the largest earth- 
quakes that have occurred were generated along segments of great faults that are now 
seismically very quiet. In some places, the historical seismic record suggests, inaccu- 
rately, an inverse pattern of what the long-term geologic record demonstrates. 
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OVERVIEW AND RECOMMENDATIONS 


Understanding the period from the present to about 500,000 yr ago (the late Quater- 
nary) forms the best basis for analyzing active tectonics of concern to society. To study 
this period of time calls for a special mix of geologic, seismological, geophysical, and 
geodetic techniques, many of which need major research efforts to achieve their full 
potential. Some of the most critical needs are highlighted in this Overview. Detailed 
discussions of recent advances in understanding active tectonic processes and their rates 
appear in the authored chapters that follow this Overview. 

Many research programs that can provide background for the study of active tecton- 
ics have been considered in earlier reviews by the National Research Council, including 
such reports as Geophysical Predictions (1978), Earthquake Research for the Safer Sit- 
ing of Critical Facilities (1980), Geodetic Monitoring of Tectonic Deformation — To- 
ward a Strategy (1981), Effective Use of Earthquake Data (1983), Scismographic Net- 
works: Problems and Outlook for the 1980s (1983), Explosive Volcanism: Inception, 
Evolution, and Hazards (1984), and Seismological Studies of the Continental Litho- 
sphere (1984), Research needs in, for example, seismological and geodetic techniques of 
importance to active tectonics are well formulated in these documents. The present 
study makes no attempt to review all these previous analyses but builds on them and 
specifically endorses some previous recommendations. For the most part, the previous 
reports have not addressed the piemodern part of the time frame of the past few hun- 
dred thousand years, which must be understood to evaluate ongoing tectonic activity 
fully, 

Some potentially powerful techniques that should be developed by accelerated re- 
search are considered in this study. The recently emerging subdiscipline of paleoseis- 
mology — in which geologic techniques are used to identify and evaluate prehistoric 
earthquakes — has provided some of the most important recent advances in earthquake 
prediction. Similar techniques have also permitted evaluation of seismic hazards for 
urban areas and for critical facilities such as dams and nuclear reactors. Essential to 
such geologic research and evaluations are the ages of geologic units. Only by having 
the geologic history calibrated by known dates can we calibrate the (1) recurrence 
intervals of earthquakes and volcanic eruptions and (2) continuing rates and changes of 
rates of all tectonic processes. The determination of rates of processes and means of 
dating materials of late Quaternary age (past 500,000 yr) thus are considered of high 
priority for research attention. 

Among other facets of geology that have been underused in studying active tectonics 
is geomorphology. Landforms are everywhere; they are extremely sensitive to active 
tectonics; and geomorphic analysis has the potential for providing insights into active 
tectonic rates, styles, and patterns of deformation available through almost no other 
approach. Serious efforts are needed to accelerate research in quantitative geomor- 
phology. 

The need is recognized for improving geodetic measurements of active tectonics 
through new land-based instruments, such as two-color laser distance-measuring de- 
vices, and space-related techniques, such as the Global Positioning System (GPS). Re- 
gional seismic networks are considered essential to track the patterns of ongoing strain 
release, to assist in mapping the activity of faults, and to assist in tracking the move- 
ment of magmas under volcanoes. Rapid data gathering, processing, and analyses are 
Imperative. Great volumes of data from regional seismic networks and a variety of 
strain meters and geodetic networks must be handled quickly if useful forecasts (with 
lead times up to a few weeks) of earthquakes, volcanic eruptions, and landslides are to 
be made successfully. 

In summary, this study addresses tectonic processes, their rates, and methods of 
identifying and evaluating active tectonics by analysis of events, especially in the time 
frame from the present to about 500,000 yr ago. Except for brief comments, the socio- 
economic and engineering accommodations for coping with the problems created by 
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active tectonic processes are not addressed; they are in the domain of other specialists 
and other reports. 

ACTIVE TECTONICS 

In the earth sciences “tectonics” refers to the deformational structures and architec- 
ture of the outer parts of the Earth and to the evolution of these features through time. 
Examples include folds, warpings and tiltings of crustal blocks, and displacement on 
faults. In this study we define “active tectonics” as “tectonic movements that are ex- 
pected to occur within a future time span of concern to society.” 

This definition of active tectonics has evolved from the many definitions of active 
fault that have been used in the past. The lack of agreement on a single definition of an 
active fault has caused confusion and attendant engineering, social, and legal difficul- 
ties. Many of the definitions inappropriately have mixed elements including criteria for 
identifying faults, criteria for estimating degree of activity, and value judgments about 
the level of activity that constitutes acceptable risk to mankind. 

The terms active jaulis and active tectonics imply that events are currently happen- 
ing, but here the term currently is ambiguous. The present is a moving instant that 
progresses ever forward in time. To most people currently very likely is thought of in 
minutes, or at most in years, whereas to a geologist a time sample that appropriately 
represents currently or present might span many thousands of years. Focusing the clefi 
nition of active tectonics on the future avoids selecting a single period of time to repre- 
sent the present and emphasizes the prediction of future tectonic events, which has the 
greatest potential benefit in guiding hazard-reduction actions. 

The frequency of occurrence of specific faulting events has been incorporated in 
some definitions of active faults. Thus, various public agencies define an active fault as 
having had displacements (a) in 10,000 yr, (b) in 35,000 yr, (c) in 150,000 yr, or (d) 
twice in 500,000 yr. Such definitions have come to carry legal significance, and the 
great range in time frame has caused confusion. The differences reflected in these defi- 
nitions relate principally to the degree of activity and to the levels of risk that are 
acceptable to various agencies. A far less confusing approach is to simplify the defini- 
tion itself, to describe the rates of processes separately from the processes themselves, 
and to judge what risk is acceptable to society separately from the description of pro- 
cesses and their rates. 

Geologists, geophysicists, and geodesists can identify the geologic structures and can 
describe and evaluate the degree of activity' and the patterns of activity. It is the role of 
engineers to try to accommodate and minimize the deleterious effects of tectonic activ- 
ity; policymakers must decide whether the rates of processes and engineering accom- 
modations of those processes result in an acceptable situation or level of risk. 

TECTONIC PROCESSES 

Tectonic deformation may occur as broad warping of the Earth’s surface, termed 
epeirogeny, to produce or reshape the larger features of continents and ocean basins, or 
it may be orogenic, that is, in more localized regions and belts to form mountain chains. 
The vertical movements of epeirogeny may result in plateaus and basins, whereas the 
more complex deformational processes of orogeny, or mountain building, include, for 
example, folding, faulting, plastic deformation, plutonism, and volcanism. 

The styles and rates of tectonic processes range widely; the most active and complex 
tend to occur along the margins of lithospheric plates. The continental margin of west- 
ern North America, where the Pacific, North American, and Juan de Fuca-Gorda 
plates join, exemplifies the complexity that can exist at such boundaries. Strike slip 
predominates where the Pacific and North American plates are in contact in Califor- 
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nia; convergence and subduction occur where the oceanic Juan de Fuca-Gorda plates 
slide beneath the continental North American plate in Oregon and Washington; and, 
where the three join at the Mendocino triple junction, several directions and rates of 
plate motion must be accommodated in a complex geometric pattern. The oblique 
relative movements of the Pacific and North American plates farther south in Mexico 
result in the shifting of Baja California northwestward away from continental Mexico, 
A similar pattern of crustal extension is pr*-. snt across the intraplatc Basin and Range 
province. 

Examples of epeirogenic movements include the broad uplift of the Colorado Pla- 
teau, the Monroe Uplift across the lower Mississippi River Valley, the isostatic rebound 
of the Canadian and Scandinavian shields following deglaciation, and the depression 
of parts of the East Coast of North America. 

Active orogenic movements are well characterized by active faulting and active fold- 
ing, Major strike-slip faults, such as theSan Andreas Faultsystem in California, disrupt 
the landscape by offsetting streams, sedimentary basins, and mountain masses. The 
lateral movements are almost always accompanied by at least some vertical movement 
of crustal blocks. Irregularities in the fault trend, or on the fault surface, cause local 
rotation of stress; crustal blocks may be forced upward or downward — generally with 
the vertical movement accommodated along cither reverse or normal faults — or the 
blocks may be rotated between branches of a fault. 

Extension of the Earth's crust dominates in some provinces, and, as in the Basin and 
Range province of the western United States, extension is accompanied by vertical 
adjustments of range-sized blocks under the influence of gravity. Horsts and grabens 
develop as individual crustal blocks rise or drop, or the range blocks tilt so that one edge 
drops downward while the other edge rises. 

Many ranges along plate boundaries are the products of folding of stratified sedi- 
ments. Folding generally represents processes of crustal shortening; crustal shortening 
also may involve the thrusting of one block over or under another, along relatively 
gently inclined faults. 

Where crustal plates collide rather than slide laterally past one another, the oceanic 
plate tends to slide beneath the continental plate in a process known as subduction, 
although not uncommonly part of an oceanic plate rises and slides over the continental 
plate (obduction). During collision with the Asiatic crustal plate, the Indian subconti- 
nental plate has been thrust perhaps more than a thousand kilometers beneath the 
Himalayas and the Tibetan Plateau. 

Many smaller crustal blocks, or microplates, have collided with and have been ac- 
creted to the major continental plates, Investigations during the past decade suggest 
that some microplates have migrated at rates of tens of centimeters per year and have 
traveled across several tens of degrees of latitude. Such mobility of the Earth’s crust is 
an important aspect of active tectonics. 

In the overall crustal shortening process, large thrust faults emerge from the lower 
crustandflattenasthey near the surface so th at si abs of crust kilometers thick m ove tens 
of kilometers over underlying parts of the crust. In addition, large slabs (kilometers 
thick) of the Earth’s crust may slide or glide off regionally uplifted terranes under the 
influence of gravity or as the result of widespread crustal stretching. Surfaces of decou- 
pling or detachment along which sliding takes place may involve tens of thousands of 
square kilometers, and the scale of folds and faults in the deformed plate above this 
detachment surface may be complex and measured in tens of kilometers. Growth 
faults, which are similarly gravity driven, can produce hazardous ruptures both at the 
surface and at depth. It is difficult to distinguish between those structures driven by 
gravity from those resulting from either shortening or stretching of the upper mantle 
and lower crust, and the distinction in places is moot. 

Other gravity-driven movements of smaller masses of Earth materials are initiated in 
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regions of high relief, including, for example, landslides, debris flows, and mud flows, 
as well as volcanic-related lava flows, ash flows, and lahars, Even though such move- 
ments of masses result from active tectonism and may constitute severe hazards, they 
are considered to be secondary to the more fundamental active tectonic processes and 
thus are not discussed extensively in this study. 


RATES Of'* ACTIVE-TECTONIC AND GEOMORPHIC PROCESSES 

Even the most stable intracontinental and intraoceanic basin areas of the Earth’s 
surface are constantly changing, although at rates difficult to detect by classical geo- 
detic techniques. But along the margins of continents and ocean basins where plates of 
the Earth’s crust collide or interact, the rates can be rapid and even catastrophic and, 
for volcanic eruption, explosive. 

Explosive rates are represented by such dramatic volcanic eruptions of historical 
times as Tambora (1815) and Krakatau (1883), in Indonesia, Mount St. Helens, Wash- 
ington (1980), and El Chichon, Mexico (1982). Along great faultslateral displacements 
of about 10 m, along tens of kilometers of fault length, have occurred abruptly and 
suddenly to generate great earthquakes. Eyewitnesses of the 1983 Borah Peak, Idaho, 
earthquake reported that a meter-high scarp formed in less than a second, Laboratory 
and field analyses show that fault ruptures propagate at rates of 2-3 km/sec. 

Longer-term average rates of processes are exemplified by as much as 10 cm per year 
of relative motion between the major plates of the Earth’s crust. Geodetic nets a few 
tens of kilometers wide across the plate-bounding San Andreas Fault in California show 
relative motion of up to 3,5 cm/yr; this rate is confirmed close to the fault using 
creepmeters spanning only a fesv tens of meters across creeping segments of the fault. 
This rate contrasts with a rate of between 5.5 and 6 cm/yr for the relative plate motion 
between the North American and Pacific plates, as determined from the rate of seafloor 
spreading calculated from the positions of the magnetic stripes that lie symmetrically 
on the two sides of the East Pacific Rise. The difference of 2 to 2.5 cm/yr between the 
rate of motion on the. fault and that of the plates is distributed across the western part of 
the North American continent, possibly affecting areas as far inland as 1000 km. 

Vertical displacements of the Earth’s crust can involve a sudden uplift of as much as 
10 m, as occurred at Montague Island during the Alaskan earthquake of 1964, In the 
active regions of the Great Basin province of the western United States, average vertical 
displacement rates of mountain blocks relative to basin blocks not uncommonly have 
been as high as several tenths of a millimeter per year for several millions of years. In 
Japan, near the Kozo-Matsuda Fault, average displacement rates as high as 5 mm/yr 
over thousands of years are recorded. Although the centers of continents are generally 
thought to be relatively stable, average uplift rates may range from 0.01 to 1.0 mm/yr 
for several tens of thousands of years. Uplift rates on the Monroe Uplift, in the Missis- 
sippi Valley, for example, have been of this general rate, It is estimated that the crest of 
the Ventura anticline in southern California has been rising at a rate of about 10-15 
mm/yr for a few hundred thousand years. 

Optimism about improving our capability of making meaningful short-term predic- 
tions of volcanic eruptions and developing methods to predict earthquakes is predi- 
cated primarily on improving our ability to measure and to recognize significant 
changes in rates of deformation. Among the signals used for successful prediction of 
eruptions at Mount St. Helens were increases in the rate of displacement of the surface 
of the new lava dome and the rate of thrusting on the crater floor adjacent to the lava 
dome (Figure 1), Increased rates of tilt of the flanks of Kilauea volcano in Hawaii have 
been recognized for several decades as indicators of magmatic filling of shallow reser- 
voirs and impending eruptions of the volcano, Interpretations of increased seismicity — 
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volcanic* mruptiom in Hawaii. Washington State, anti elsewhere. 

The concept that elastic strain must accumulate in brittle rock before rupture occurs 
is the underlying rationale for earthquake prediction Changes in the rate and patterns 
of strain just before rupture that arc seen in laboratory expmnmrtx suggest that marked 
changes — either decreases or increases in rates of strain or in sense of strain may signal 
an impending rupture and earthquake. A 2-yr halt in fault creep at one point on the 
Calaveras Fault prior to the Coyote Lake eart hquake of 1979 in centr al California may 
have been a precursor to that earthquake. Regional tilts of land surfaces in Japan before 
the 1994 Niigata earthquake may represent the type of strain to be expected, hut ques- 
tions have been raised about older surveys and their adequacy for accurately recording 
such changes. However, few, if any, recognized changes that have been documented 
arc widely acknowledged as having been dear premonitory signals for earthquakes. 

Tectonic rates arc reflected in rales and patterns of geoinorphie proccssc s arid forms. 
For example, f unit-generated range fronts on which displacement rates average tenths 
of a millimeter per year for a million or more years arc characterized by loss sinuosity of 
the topographic boundary between the range and basin and by faceted spurs. The 
range margin sinuosity increases with slower rates, am! the pattern of faceted spurs 
gives way to more highly dissected and less planar landforrm along range fronts. 

The rates of geomorpbie processes range dramatically from climate to climate, and 
different processes may be dominant in each. For example, fluvial processes are domi- 
nant in semiarid areas, whereas wind action may be dominant in arid regions and mass 
movement in some humid or tropical regions. In humid climates the potential for sedi- 
ment production could In great, hut vegetation reduces erosion rates. These and other 
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processes of erosion, such as aeoiiun, raindrop impact, ice, and geochemical processes, 
interact in different climates to affect collectively the overall degradation and destruc- 
tion of landforms constructed by tectonic processes. 

Slopes of fault scarps or wave-cut cliffs may be modified rapidly by gravitational 
processes. The near-verticul free face of a few-meter-high scarp may disappear within a 
few hundred years, as material falls off the steep face to rest at the angle of repose in a 
debris slope covering the free face. The scarp later becomes modified by downslope 
movement of material according to a diffusion model, which operates at slower and 
slower rates. However in a desert climate, a meter-high fault scarp may be clearly 
recognizable for a hundred thousand years. 

TECHNIQUES FOR EVALUATING ACTIVE TECTONICS 

The entire range of geologic, geophysical, and geodetic techniques may have a bear- 
ing on evaluating active tectonics, but for studying ongoing processes some are more 
useful than others, 

The period of past behavior of tectonic movements that is significant to predict fu- 
ture movements may range from days to thousands, or even millions, of years. In gen- 
eral, however, the predictive value of events of the past decreases with age, but the 
length of lime analyzed must be sufficiently long to sample adequately a particular 
series of events, changes in rates of events, or changes in patterns of tectonics. For 
example, large intraplate earthquakes generally recur on a given fault at intervals of 
several thousands of years, and, thus, an estimate of earthquake potential based on only 
a century or two of recorded history rnay mistakenly suggest quiescence in regions that 
bold the most severe threat of great earthquakes, Each sample interval of time provides 
different insight into tectonic processes, Repeated geodetic measurements made over 
days or decades provide details of tectonism unidentifiable in most geologic studies, but 
only from the longer-term geologic record can many tectonic movements be identified 
and their rates determined. 

In regard to active tectonics, the segment of the future of greatest concern to man- 
kind generally is only the next few years to few decades, although for safe disposal of 
some radioactive waste the period is thousands or tens of thousands of years. 

Events of the past 100,000 to 200,000 yr, and especially of the past 10,000 to 20,000 
yr, are particularly significant as a basis for predicting future trends, Geodetic tech- 
niques can be used to identify and quantify very recent historical tectonism, and real- 
time geology and geophysics have already been used to provide predictions of specific 
future events. Some of the greatest successes have been achieved in predicting eruptions 
of volcanoes. The basic physical and chemical models that can be translated into geo- 
physical, geochemical, and geologic predictions are in the process of rapid evolution, 
and many advances seem to be just over the horizon. 

Though this emphasis is on events of late Quaternary time, we do not exclude signifi- 
cant evidence about tectonic history and processes obtainable from longer periods of 
geologic time, for example, the past few million years, or latest Neogene and Quater- 
nary time. Neotectonics, which pertains to the tectonics of this longer period of time, is 
the focus of the Neotectonic Map Project under the Geological Society of America’s 
Decade of North American Geology (DNAG) project. For this review, neolectonics is 
distinct from active tectonics but is recognized as providing an important set of data. 

Even the longer record cannot be ignored, because to a large extent those structures 
that originated in Mesozoic and Tertiary time greatly influence the patterns of Quater- 
nary structures, Paleozoic and older structures have less influence. Stress orientations 
may have changed, but during any period of strain the prefractured nature of the 
Earth’s crust and other anisotropism affect the response of the crust. Furthermore, the 
tectonics of old features now inactive can cast light on those currently active. 
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A strategy for geodetic monitoring of active tectonics was concisely presented in 
Ceodetlc Monitoring of Tectonic Deformation — Toward a Strategy (1981), and a few 
highlights of thai study serve to indicate the suggested types of problems, monitoring 
techniques, and evaluation procedures. 

Questions exist, for example, about the relationship between the Chandler wobble of 
the Earth and earthquakes and whether major earthquakes cause a discernible change 
in the polar path. Up to a point, classical astronomical observations can be used to study 
such problems. However, improved geodetic space techniques such as very-long-base- 
line radio interferometry and satellite laser ranging are rapidly advancing our under- 
standing of plate motions; such observational techniques are beginning to allow the 
direct measurement of present-day plate motion. Such studies can cast light on tire 
rheological properties of the asthenospherc, its viscosity, and whether gross strain is 
rattier more impulsive than continuous. Regional strain measurements are currently 
made by laser-ranging techniques in which measurements are infrequent. By employ- 
ing two-color laser-ranging techniques, corrections for atmospheric conditions are 
made automatically in data processing and very frequent observations are practical. 
Small trilateration nets, level lines, and stretched-wire creepmeters spanning only a 
few tens of meters are used foi studying localized deformation along faults. Tiltmeters, 
linear strain meters, and volumetric strain meters are among instruments currently 
used to study tectonic strain. The precision required is of the order of a few parts in ten 
million, but some measurements of the order of a few parts in a billion or smaller are 
desirable. Most instruments do not have, or barely have, such capabilities. Noise near 
the Earth’s surface, furthermore, exacerbates the problem of recognizing tectonic sig- 
nals of such small size. Long-term stability of instruments is a special problem. 

The historical record prior to modern instrumentation can provide important insight 
into longer-term rates and patterns of volcanism, earthquakes, and crustal deforma- 
tion. In an area of active uplift in Iran, for example, a canal built 1700 yr ago has cut 
down about 5 m below its original bed, indicating an uplift rate of about 2 mm/yr. In 
western North American, the historical record of earthquakes is not even 200 years 
long, but in China it is almost 4000 yr long, although reasonably complete for only 
about 1000 yr. Similarly there is a historical record of volcanism that is useful as a 
measure of the frequency and characteristics of eruptions. 

Because of low rates of tectonic strain accumulation in many places, the periods of 
time represented even by recorded history do not adequately sample longer-term trends 
and cycles. The historically most inactive sections of great faults, indeed, may be candi- 
dates for generating the largest future earthquakes. Geologic techniques provide the 
only means to sample sufficiently long time spans during which many rates and pat- 
terns of tectonic processes must be analyzed. 

The stratigraphic record contains clear physical evidence of past events. In Japan, 
for example, bountiful evidence of complex volcanism is preserved by layer upon layer 
of volcanic ash, breccias, and lava flows. Furthermore, abundant tephra layers— each 
of which lias a distinctive chemical and mineralogic characteristic and was deposited 
within a few days or weeks— over large areas provide distinctive time markers that 
permit many local and regional tectonic events to be analyzed in the context of a time 
frame. 

Stratigraphic relations along active faults may reveal a sequence of successive offsets 
and deposition of sediments that permit the reconstruction of the history of faulting, 
the recurrence intervals, and size of faulting events. Sedimentary structures such as 
sand blows, clastic dikes, and deformed beds related to liquefaction may reveal the 
history of strong ground shaking and add to the evidence of prehistoric earthquakes. 
Repeated deposition of colluvial wedges along the bases of fault scarps creates unique 
stratigraphic relations from which an interpretation of the paieoseismological record 
can be derived. 
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Analysis of gross stratigraphy — the composition of the lithologic units and the defor- 
mation of beds — can indicate whether rates of uplift nearby were rapid or slow, 
whether volcanic arcs were nearby, or whether lerrancs that contributed clasts to the 
sediments had later moved away. At small scales, as in excavations dug across active 
faults, the sequence of sedimentation and faulting can be analyzed to determine how 
often large prehistoric earthquakes occurred. The patterns and rates of silting of rivers 
are extremely sensitive to tectonic changes. 

Landforms, created by the competition between tectonic constructional and ero- 
sional destructionul processes, contain abundant evidence of active tectonics. Classical 
geomorphology, however, has concentrated primarily on descriptions of landforms, 
and process and stages of erosion were stated in only generalized terms. In the past 
decade or so, quantitative, process-oriented geomorphology has been directed toward 
problems of active tectonics, Studies of marine terraces, river geomorphology, fault 
scarps, and eruptive volcanic features have demonstrated a rich and readily available 
source of information about active tectonics recorded in landforms, Coseismically up- 
lifted marine terraces may provide evidence of prehistoric earthquakes. Direct mea- 
surement of fault-scarp morphology, for example, when analyzed according to an er- 
ror-function solution of a diffusion model, can approximate the date of a great 
prehistoric earthquake. From such analysis, the pattern and recurrence interval of 
large earthquakes can be determined even where average recurrence intervals are mea- 
sured in thousands of years. In summary, as more research is carried out on the effect of 
-active tectonics on landforms, geomorphology can become one of the most powerful 
tools for evaluating active tectonics. 

Clearly, tectonic processes are complex, often nonuniform, and the emphasis given 
here on predicting future tectonic activity introduces the important problem of how 
best to state the likelihood of future events. A variety of formal mathematical methods 
is currently available for c pressing probability, but further study is warranted into 
techniques of conveyin' ,o both lay and technical audiences the likelihood and conse- 
quences of complex tv .tonic activity. 

Applications of such techniques as described above have recently led to some new 
insights about active tectonics. The findings described below, furthermore, indicate 
some areas of research that are worthy of further attention. 

• Individual or groups of large prehistoric earthquakes can be clearly identified by 
geologic means, such as by microstratigraphy and microgeomorphology. The research 
efforts so directed are now termed paleoseismologv. By such methods the long-term 
patterns and timing of some great earthquakes have been analyzed. 

• Coherence of signals among gravitational changes, lateral changes, and vertical 
changes confirm that tectonic changes on a time scale of months or years arc real and 
arc amenable to analysis. From such studies the normal dynamic behavior of the 
Earth’s crust may be determined, and the predictive value of unusual changes can be 
assessed, 

• A variety of active-tectonic realms of diverse sizes has been recognized and de- 
fined; each realm is characterized by distinctive patterns and rates of deformation. 
Such analysis provides a basis for zonation to assist in the reduction of geologic hazards. 

• Folding can be an important active-tectonic process, In the past, folding has been 
ignored to a large extent in active-tectonic studies even though a rich and voluminous 
mass of information about folding has been in existence for a long time in the classical 
tectonic literature. Further analysis will permit evaluation of the strain budget, that is, 
the distribution of strain, between faulting and folding. 

• Some well-known physical models such as the diffusion or heat-flow model have 
been applied successfully to the analysis of geomorphic processes. 

• Determining the distribution of microseismicity has proven to be one of the best 
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techniques for defining the pattern of active faulting Such studies can “paint" the 
three-dimensional time-space relation and show how strain is propagated. Addition- 
ally, digitally recorded data from broadband, wide dynamic-range seismometers have 
permitted greatly improved analysis of the faulting process. 

• Broad vertical changes in elevation that occur on an historical lime scale, within 
what are generally thought of as stable intracontinental regions, have been found to 
affect dramatically the regimes of major rivers, bank stability and silting, and naviga- 
tion •’.lid flood control, 

IMPACT ON SOCIETY 

Only when an infrequent paroxysm of the Earth's crust occurs in the form of an 
earthquake, volcanic eruption, or landslide is the dynamic nature of the Earth’s crust 
brought clearly to public attention. Largely unnoticed arc slower movements of the 
Earth’s crust, which, nevertheless, are costly in terms of engineering countermeasures 
required or the constraints that are placed on land uses. The demands for safety and 
continuity of service required of modern-day critical facilities, sucli as nuclear reactors, 
large dams, and structures for defense, require a knowledge of the Earth’s crust well 
beyond the current state of geophysical and geologic information. As a result, costly 
mistakes have been made, and high-priority programs have been delayed or canceled. 
Without a doubt the future will call for more such uses in projects having even greater 
sophistication, greater potential hazard, and more complex interactions with the 
environment. 


The Tragedy oj Ignorance 

For the want of information about active tectonics, numerous mistakes and ex- 
tremely costly delays or cancellations of major engineering projects have resulted. A 
few case histories will serve as examples. 

In the early 1960s, the Pacific Gas and Electric Company began to develop a site for a 
nuclear reactor at Bodega Bay in northern California. The first site selected was astride 
the part of the San Andreas Fault that caused the great San Francisco earthquake of 
1906. Soon, however, it became recognized that the fault might pose problems, and the 
site was moved a few kilometers west, but still near the fault zone. During the exci va- 
tion of the giant pit (Figure 2) that was to contain the reactor, faults were found and 
concern was raised that movement on these secondary faults might rupture the reactor 
and cause a major disaster. 

At that time, and to a major extent even today, the geologic and geophysical commu- 
nities simply hr J no scientifically based answers to such fundamental questions as: Will 
the next rupture recur on the 1906 break of the San Andreas Fault, or will it occur on 
some other fault branch or strand within the kilometer-wide fault zone? How much 
displacement can be expected on branch faults and parallel faults at distances of several 
kilometers from the main break? How does a history of one displacement in 10,000 or 
35,000 yr on a branch fault factor into a calculation of probability of a future displace- 
ment on that branch fault? 

In 1969 the Bodega Bay nuclear reactor project was canceled after several years of 
acrimonious debate, because no one had tire needed scientific information with which 
to assess the stability of the site. As a result millions of dollars were spent unproduc- 
tively. The lack of understanding of active tectonics has caused problems in the devel- 
opment of similar facilities. 

As an additional example, in 1979 the building of a large thin-arch dam at Auburn, 
California, in the foothills of the Sierra Nevada was stopped. Although much had been 
learned about earthquake hazards in the ensuing years since the Bodega Bay nuclear 
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clearly that historical breaks occur along the tracts of Holocene breaks. The fault along 
the Lost River Range had been studied In 197? to evaluate the earthquake hazards at 
the Idaho National Engineering Laboratory ( 1NEL), and Holocene displacement had 
been identified. As a result of correctly anticipating the location and size of the 1983 
earthquake, automatic shut-off systems functioned effective!) at 1NKL and closed 
down nuclear reactors, and a potentially hazardous situation was countered. 

An impact on pulicy and decision making that can result when a significant new set 
of data and some basic understanding about active tectonics replace almost total igno- 
rance can lx* illustrated in discoveries of the late 1970s and early 1080s in the Mississippi 
Valley. There, until about 1981- 1982, t he causal he structures of the great New Madrid 
earthquakes of 181 1 1812 were mysteries. As a result, in planning an engineering proj- 
ect, the earthquakes vs ere considered random events that could occur anywhere over a 
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gravity, magnetic, and seismic reflection technique; revealed a buried but dearly de- 
finable rift zone (Figure f>). Faults of the rift zone were shown to be ancient geologic 
features that originated as extensional features but that were being reactivated by eom- 
prettkMttl stresses in the current tectonic regime. Geologic studies suggested a recur- 
rence period of 600* KXXKr for such great earthquakes, 

Although much is yet to lx* learned, the structures of the rift zone that caused the 
1811-18! .2 earthquakes, and which will likely generate future earthquakes., now arc 
clearly recognizable. Thus, potential future earthquakes to he accounted for in the 
design of engineering projects need not be considered possible everywhere in the mid- 
continent: em'intx'rmg designs t , be much mors 
gional planning cm lx* conceived on a more rational basis. 

Much of the central part of the United St »(«•• has been considered: to be free of major 
earthquake hazards. Surprisingly, however, in a ■sebmk'ally very quiet part of central 
Oklahoma, the Mem Fault has recent ly been discovered to haw had displacement of 
several meters in Holocene time, presumably accompanied by one or more major earth - 
quakes (M. C, Gilbert. Earthquake Ntftm Alf 1) , 1-3 (HISS)]. A reuiarkatily fresh fault 
scarp h still preserved. and the last event may have occurred within the past lew thou- 
sand years. The discovery raises the question as to how many other unidentified active 
faults exist in .smmically quiet regions of Intraeontiuental regions. Newly developed 
methods in palcoiscismology now jx*rmit investigation of this quesliori. 


Stx'imctmmnk: Measure* 

Measures lo counter the effects of earthquakes. volcanic eruptions, and 
of tectonic deformation full into four categories; engineering aeeonitnodat 
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use of the land, event prediction, and disaster preparedness. Engineering design and 
construction of structures to resist earthquake- shaking, offset by faulting, and differen- 
tial settlement can greatly reduce the hazard of structural collapse. Planning the use of 
land so that structures, especially those for dense occu panes , are not built astride active 
faults or in the potential paths of volcanic lava flows or lahars is prudent and effective, 
and yet xutT obvious methods of reducing hazards commonly have been ignored, 

In many states and countries, building codes and standards arc followed to some 
extent, but in practice the craftsman or builder, through ignorance or neglect:, too of ten 
fails to incorporate the specified design features in tin* final structure. Simple factors 
such as the lime content of mortar and the proper wetting of bricks before application 
of mortar in masonry construction greatly affect the strength of buildings. Special stud- 
ies are required when building near active faults in California. Disaster plans for re- 
sponding to potential hazards from volcanic eruptions have bast prepared in Califor- 
nia. Washington, Japan, and Italy, among others, 

Successful prediction of at least a few dozen volcanic eruptions undoubtedly has 
reduced the hazard to life and property. Among damaging earthquakes for which 
claims of prediction have been made, only the Htiteheng, China, earthquake of 1974 
seems to be widely credited by the .scientific community as having had a valid scientific 
basis. For the first time in the Fruited Slates, a long-term earthquake prediction was 
reviewed and approved as scientifically valid by both the National Earthquake Predic- 
tion Evaluation Council and the California Earthquake Prediction Evaluation Coun- 
cil. The prediction was announced officially by the Director. U.S. Geological Survey, 
on April 5, 1985, and the announcement stated that "an earthquake of magnitude 5.5 
to (i is likely to occur in the Parkfield. California, area w ithin the next several wars 

{$85-1993). • • 

Identification of the most stable tectonic blocks and prediction of the degree of stabil- 
ity. or lack of active tectontei, have been even more difficult than predicting tectonic 
events. Few methods of analysts and little understanding of t 1 **-. long-term processes are 
at hand. 

The past two decades have seen a major acceleration in disaster preparedness. One 
example is the Southern California Earthquake Preparedness Project, which was 
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started in 1980 under joint state and federal support. Preliminary prototype response 
plans have been completed for an industry, a county, a large city, and a small city. 
Elements of the prototype plan include, for example, voluntary self-help, communica- 
tions, special problems of schools, law enforcement, and concerns of financial institu- 
tions. An early requirement for the project was an accurate scenario of the tectonic 
process, in this case the detailed effects of a major earthquake when it happened and 
the likely content of an earthquake prediction if it were made. These needs could be 
fulfilled only poorly or not at all because of the state of earthquake science. All adminis- 
trative, societal, economic, and other steps to cope with the impact of active-tectonic 
processes hinge on understanding those processes and the rates at which they operate. 


RECOMMENDATIONS FOR RESEARCH PRIORITIES AND ACTIONS 

A program of fundamental research focusing especially on Quaternary tectonic geol- 
ogy and geomorphology, paleoseismology, neotectonics, and geodesy is recommended 
to better understand ongoing, active-tectonic processes. Capability should be devel- 
oped to assess the potential for, or to predict, tectonic activities up to several thousand 
years in the future. To accomplish these goals, special attention should be given to the 
following research areas that constitute especially powerful techniques or gaps or areas 
of weakness within the complex matrix of scientific disciplines needed. 

We stress strongly, however, that the priorities given here are predicated on the 
existence of a healthy level of fundamental research in related, broad subjects including 
understanding the continental lithosphere, plate tectonics, energetics of tectonic pro- 
cesses, seismology, and volcanism. Other National Research Council reports have al- 
ready addressed many of these topics. 

Research Priorities 

• Dating Techniques: The greatest need is for data and models concerning the rates 
of active-tectonic processes. Public-policy decisions, for example, about what levels of 
earth-hazard risks are acceptable, rest largely on evaluations of the rates (and the vari- 
ability of rates) of processes, the frequency of events, and the prediction of when haz- 
ards might become critical. To this end, new and improved techniques of dating mate- 
rials and events of Quaternary age are needed. For example, thermoluminescence, 
uranium trend, beryllium-10, aluminum-26, and soil development are among two 
dozen or more potentially useful dating techniques currently being investigated as al- 
ternatives to the more widely used techniques, including radiocarbon dating. Tandem 
accelerator mass spectrometry may permit several of these new techniques to become 
practical and may improve the usefulness of older techniques. The breadth of applica- 
bility and precision of each technique need improvement. 

• Tectonic Geomorphology: Research in tectonic geomorphology aimed at docu- 
menting rates, styles, and patterns of movements is recommended as one of the poten- 
tially most effective means of analyzing ongoing tectonic processes. Research in quanti- 
tative geomorphology is especially important. 

• Geodesy. Research using geodetic techniques should be expanded to delineate the 
patterns and scales of ongoing deformation, We endorse the recommendations in the 
1981 report Geodetic Monitoring of Tectonic Deformation — Toward a Strategy by the 
Committee on Geodesy/Committee on Seismology. Techniques described in that re- 
port range from ground techniques using strain meters and laser-ranging devices to 
space techniques using very-long-baseline radio interferometry (VLBI) and the Global 
Positioning System (GPS). 

• Paleoseismology: Because major tectonic processes such as those manifested by 
seismicity are commonly grossly misrepresented by the historical time sample, pa- 
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leoseismic techniques should be furthered. Physical exploration, such as trenching to 
expose and permit microstratigraphic analysis in critical places, and geomorphic tech- 
niques aimed at paleoseismology are of high priority. 

• Real-Time Geology; Recording, processing, and interpreting of geologic changes 
in a time frame cf seconds to weeks — which can be termed “real-time geology” — are 
needed for the development of short-term predictive capability. Special instrumenta- 
tion, automation, and rapid computer processing of data are required. A far more 
detailed understanding than currently exists of certain real-time Earth processes is 
needed. 

• Probability Studies', Methods for expressing the probability of future tectonic ac- 
tivity need much improvement. Incomplete data and debatable interpretations of data 
will continue to be a problem, and yet both conclusions and uncertainties must be 
communicated as precisely as possible wit’ in the technical community as well as to 
nontechnical decision makers. 


Recommendations jor Specific Actions 

In order to advance these research areas of high priority, the following institutional 
considerations and technical approaches are emphasized: 

• Research in dating techniques suitable for analysis of Quaternary geology should 
bo (a) recognized as a high priority for support by funding groups — both governmental 
and private and (b) encouraged through workshops and symposia under the auspices of 
professional societies. 

• Studies of Quaternary geology useful in analyzing active tectonics should be more 
effectively integrated into the earth-science curricula of universities. Special attention 
should be given to tectonic geomorphology including the observational, experimental, 
and quantitative-theoretical elements, 

• Emphasis should be given to research programs that employ geodesy to analyze 
the dynamic as well as the static features of the Earth’s crust. 

• Clear and specific identity should be given to research concerning Quaternary 
structures, processes, and rates of processes. 

• Research programs to develop short-term (up to a few weeks) predictive capabili- 
ties for active tectonics, along with the ability for rapid data analysis, should be estab- 
lished or accelerated by those federal and state agencies responsible for issuing geologic 
hazard warnings. To this end, regional seismic networks and systems for monitoring 
strain and stress in real time are critical. 

• Preplanning is needed to assure the effective study of events of opportunity, The 
observation of volcanic eruptions, earthquakes, or landslides while they are occurring 
can reveal facts about Earth processes unavailable at any other time. For example, 
recording of strong ground motion during an earthquake, measurement of changes in 
pore pressure during a landslide, or the changes in composition of gases during volcanic 
eruptions can be carried out only at specific critical moments. 

• The continuity of carefully selected programs aimed at gathering long-term base- 
line data with temporal significance is desirable. 

• The importance of regional seismic networks to the study of active tectonics should 
be considered and should continue to be evaluated by the appropriate institutions. 

• Wider use of trenches, tunnels, drill holes, and other artificial excavations to re- 
veal structural and age relations of tectonic units is desirable. Instrumentation of tun- 
nels and boreholes, furthermore, can avoid spurious signals (noise) found near the 
Earth’s surface and thus permit recording of smaller signals significant to active tecton- 
ics. 

• The further and more complete use of aerial photography and remote sensing at 
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many scales and in many radiation bands can reveal or clarify geomorphic and geologic 
relations otherwise unavailable, Side-looking radar, which permits illumination of the 
landscape from angles impossible by natural sunlight, can enhance selected gecmor- 
phio and tectonic trends. New, sophisticated technology, such as used in the airborne 
profiling of terrain (APT) system, may provide previously unobtainable data on geo- 
detic and geophysical changes that are a direct reflection of active tectonics. 
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ABSTRACT 

Active-tectonic deformation along the continental margins of Baja California, California, Ore- 
gon, and Washington is the result of crustal mobility at the joining of the North American, 
Pacific, andjuande Fuca lithospheric plates. South of the Mendocino t.iple junction, strike slip 
predominates along a broad and braided system of both major and minor faults with a roughly 
northwesterly strike. Blocks between faults are warped, folded, uplifted, depressed, and rotated 
as shown by deformed erosional surfaces and stratigraphic markers, by geodetic and geophysical 
measurements, and by earthquakes. On the southeast, this wide transform belt merges with the 
divergent boundary at the head of the Gulf of California. Farther to the northwest, the belt joins 
the convergent plate margin near Cape Mendocino. On northwestward, vertical tectonic move- 
ments predominate. 

Geophysical, geologic, and geomorphic investigations of the coastal belt extending from the 
deep Pacific Ocean on the west to well within the continental cordillera on the east are revealing 
much concerning the manner of deformation alongsuch a wide plate boundary. Data come both 
from intensive study of local sites, including those for engineering projects, and from broader 
regional studies. Melded results from many types of investigation, skillfully summarized on spe- 
cial maps depicting tectonic behavior, will aid in evaluating sites for construction projects and 
will contribute to basic tectonic understanding, Toward these ends, stimulation is needed to 
coordinate symbiosis among all geoscientists, ranging from engineering g°nlogists to global 
tectonicists. 


INTRODUCTION 

The western margin of North America is tectonically 
active. Here rugged mountains and deep valleys are as- 
sociated with earthquakes and ground warping, which 
attest to the mobility of the crust. This is the belt where 
giant lithospheric plates meet — the North American 
plate on the east and the Pacific and Juan de Fuca piates 
on the west. This mobility is measured and documented 


by employing many approaches, some instrumental and 
others through geomorphic and geologic mapping, 
which are described elsewhere in this volume. In this 
short paper I review briefly the nature of the crustal de- 
formation taking place at present and back into the geo- 
logic past for the past half-million years or so along the 
western continental margin. 

Studies of crustal deformation are important in that 
they provide information useful in the siting and design 
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of critical engineering structures. But they also reveal 
much concerning the nature of crustal deformation and 
contribute to our understanding of the strength of the 
crust and the way structural flaws or ancient weak zones 
influence where faulting and folding take place. Local 
studies reveal the style, rates, episodicity, or clustering 
of deformational events. They document the style and 
distribution of strain features such as faults, folds, warp- 
ings, rotations, translations, and earthquakes. This in- 
formation needs then to be dovetailed with regional in- 
vestigations focused on arriving at better plate-tectonic 
generalizations. The latter research aids in arriving at 
improved geologic models, and these in turn will aid in 
understanding what is controlling deformation at local 
sites. To the extent that the models are applicable they 
will aid in extrapolating concepts to regions where engi- 
neering structures are needed and planned but where 
direct information on active deformation is missing be- 
cause of the piecemeal and incomplete nature of the per- 
tinent geologic record. 

The question arises: How far back into the geologic 
past are deformational data useful in understanding the 
ongoing flexings and breakings of the crust that affect 
human enterprises? A first answer to this question is: as 
far back as the deformational style and strain pattern 
are essentially the same as those operating today. Except 
within limited areas, the pi ate- tectonic control of defor- 
mation has been the same during the past million years 
or so. The limited areas wheie strain patterns and styles 
of deformation have changed significantly are at plate 
boundaries, and especially at junctures such as near the 
Mendocino triple junction. Locally within major plates, 
as along braided fault zones, deformation styles evolve 
through time but across limited areas. 

ACTIVE-TECTONIC REALMS OF 

CALIFORNIA, OREGON, AND WASHINGTON 

In general, the active-tectonic realms correspond to 
the physiographic provinces of the western contermi- 
nous United States because tectonic activity is primarily 
responsible for mountains and valleys, the shape of 
coastlines, and the boundaries of regions such as the Ba- 
sin and Range province. An active tectonic realm is, 
therefore, defined as a region where the tectonic defor- 
mation in progress at present and for the past half mil- 
lion years or so has the same style and pattern. This 
means that the orientation of folds and faults undergo- 
ing growth and the locations and type of earthquakes 
and volcanic centers are nearly the same throughout the 
realm. Several maps have already been published that 
show features such as earthquake distribution, stress 
patteras, and elevation changes (e.g., Buchanan-Banks 


el al., 1978; Zoback and Zoback, 1980, 1981; Sbar, 
1982; Gable and Hatton, 1983), The boundaries be- 
tween some realms are sharp, but most are transitional. 
In addition, the concept involves scale. In working with 
an area the size of a city or county, small difference may 
be significant and may warrant separation into differ- 
ent subrealms. When dealing with a region as large as 
the three Pacific Coast states and adjacent portions of 
Baja California and British Columbia, however, gener- 
alizations are appropriate and local differences are 
smoothed. 

In Figure 1.1, only the main provinces are demar- 
cated. They are described briefly from south to north 
because of the convenience of picturing the sliding of 
western North America obliquely away from the diver- 
gent plate boundary in the Gulf of California. The main 
splintered boundary is the San Andreas transform sys- 
tem, upon which most of this sliding takes place. The 
Basin and Range physiographic province is primarily a 
broad region of stretching in this scheme and is the re- 
gion north of the Mendocino triple junction where 
oblique plate convergence is taking place. The floor of 
the Pacific Ocean west of northernmost California, Or- 
egon, and Washington is both moving relatively north- 
westward with respect to the continent (Pacific plate) 
and also eastward beneath it (Juan de Fuca plate). All 
these movements are relative, however, with respect to 
the North American lithospheric plate, which is by no 
means fixed. For example, as the Atlantic Ocean wid- 
ens, North America may be viewed as moving relatively 
westward. 

Gulf of California 

The peninsula of Baja California, as it moves north- 
westward, is in the process of being rifted from the 
mainland of Mexico, thereby opening the Gulf of Cali- 
fornia. The crust flooring the Gulf is expanding as new 
seafloor is formed at depth along a series of spreading 
segments defined by a pattern of oblique transform 
faults (Figure 1.1). The peninsula broke away from the 
Mexican mainland on the east about 4 million years 
(m.y.) ago (Larson et al., 1968; Moore and Buffington, 
1968), and the spieading process is still continuing. This 
movement pattern results in several superimposed styles 
at a local scale within the region: strike-slip displace- 
ments near the major transform faults, sagging and 
warping over pull-apart basins where the rift floor is 
stretching, and downslope displacements along the 
margins of the Gulf of California where high-standing 
terrain of the old continent is relatively unsupported at 
the edge of the rift. 

The Salton Trough lies at the northwestern end of the 
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Gulf of California rift and reflects transition into the 
San Andreas transform system (Crowell and Sylvester, 
1979; Crowell, 1981; Johnson et al., 1982). Within this 
region several complex fault zones (Elsinore, San Ja- 
cinto, and San Andreas), characterized by braided 
slices, extend northwestward from spreading centers 
within the head of the Gulf. Crustal blocks and slices 
within and between these fault zones rise and sink (“por- 
poise structure") as lithospheric displacements con- 
tinue; some mountain blocks move upward and now 
stand high as the result of squeezing and shortening, 
whereas, not far away, other sectors are depressed to 
form basinal receptacles for sediments washed in from 
adjacent highlands. Even alluvial surfaces formed but a 
few millenia ago arc warped and disturbed in this tec- 
tonically active region. Such a pattern of deformation is 
shown by earthquakes, geodetic measurements, and the 
interpretation of landforms (Sharp et al., 1972; Keller 
et al., 1982), The crustal deformation to be expected 
beneath a local site the size of a few city blocks — an area 
appropriate for most engineering structures — will 
therefore depend critically on exactly where it is sited in 
such a region, 

Baja California Peninsula and Peninsular Ranges 

West of the Gulf of California lies the peninsula of 
Baja California and its northwestern extension into 
southern California constituting the Peninsular Ranges 
(Gastil et al,, 1981). This is primarily a region of deeply 
eroded basement rocks, broken into only a few long 
slices that are tipped westward. Compared with most of 
California the region is relatively intact and stable, ex- 
cept for belts along the major fault zones such as the 
Elsinore and San Jacinto. Its western margin is transi- 
tional into the California Borderland province along 
splays of the Newport-Inglewood Fault zone, which 
parallels the present shoreline just offshore. The north- 
western margin of the Peninsular Ranges borders one of 
California’s most complex tectonic regions, a region 
abutting the Transverse Ranges. Here, bordering the 
Los Angeles Basin, Miocene and more recent crustal ex- 
tensions and rotation of blocks have not yet been com- 
pletely investigated. It is a region where at places folds 
are currently forming and faults are actively displacing 
alluvial surfaces (Harding, 1976). In rough terms, the 
northwestern margin of the Peninsular Ranges block is 
being forced into the T ransverse Ranges as it is carried 
northwestward during the opening of the Gulf of 
California, 


California Borderland 

The topography of the seafloor to the west of southern 
California and the northern part of the Baja California 
Peninsula is characterized by basins and ranges (Moore, 
1969; Howell and Vedder, 1981), Some of the ranges are 
surmounted by islands, others reach up to near sea level 
to form shoals. Many of the ranges are bordered by long, 
straight, discontinuous fault scarps as shown by subsea 
topography and the linear arrangement of earthquake 
epicenters. The region is one where the topography re- 
flects the structure closely: the subsea mountains, 
formed mainly in post-mid-Miocene times, have been 
only slightly eroded. Basins, on the other hand, are be- 
ing infilled by turbidity currents that are bringing sedi- 
ment down submarine canyons from source areas on 
land well to the east. The flat floors of basins have been 
smoothed by sedimentation processes. 

Transverse Ranges 

One of the most active regions tectonically in western 
North America lies athwart the northwestern trend of 
mountain ranges fringing the continent and is appropri- 
ately named the Transverse Ranges. To the southeast 
the Peninsular Ranges parallel the trend of the continen- 
tal margin, and to the northwest so do the Coast Ranges, 
Great Valley of California, and the Sierra Nevada. 

In this east-west trending province, marine terraces 
near the city of Ventura, for example, are moving up- 
ward at rates of as much as 7.5 mm per year (Lajoie 
et al., 1982), In the same region, strata laid down at 
marine depths of several thousand feet only a half-mil- 
lion years ago are now warped and uplifted well above 
sea level and are deeply eroded (Yeats, 1977). The re- 
gion, which extends both east and west of the Big Bend 
in the San Andreas Fault system, is one where different 
parts have had different tectonic histories during the 
past million years or so (Jahns, 1973; Allen, 1981; Cro- 
well, 1982; Yeats, 1983), Some faults root at depths 
where earthquakes originate, others are related to slid- 
ing of beds across each other during folding and are rela- 
tively shallow and not so likely to generate dangerous 
earthquakes. The region also includes the area of the 
enigmatic Palmdale Bulge, where geodetic measure- 
ments show either general uplift during the last few dec- 
ades or episodic uplift, although the interpretation of 
the measurements is controversial (Castle et al,, 1976; 
Jackson and Lee, 1979; Mark et at,, 1981; Strange, 
1981, 1984; Stein, 1984). Moreover, the Transverse 
Ranges and parts of bordering realms include tectonic 
blocks that have been rotated clockwise during Miocene 
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times (Luyendyk et ah, 1980). Although these tectonic 
rotations are not known to be going on today, they have 
contributed to the heterogeneity of the bedrock, and so 
affect strain patterns now under development. 

The San Fernando earthquake of February 9, 1971, 
was located within the Transverse Ranges on a fault dip- 
ping northward beneath the San Gabriel Mountains 
(Grantz et al., 1971; Oakeshott, 1975a). The fault was 
one of many known to have broken young deposits and 
with fault Iandforms along it, such as the Raymond, Cu- 
camonga, Sierra Madre, San Andre. :.', and San Jacinto 
But it was not known beforehand that this fault, nor the 
segment where the ground was broken, was most likely 
to be the site of a disruptive earthquake. Most of th° 
active faults in this region, and elsewhere around the 
Los Angeles metropolitan region, have now been de- 
marcated, but tectonic understanding has not yet pro- 
gressed far enough for geoscientists to pinpoint with 
confidence which fault is most likely to break next. 
Faults known to be recently active are most likely to 
rupture again, but more research to learn which are the 
most dangerous is required. 

The geologic situation in the vicinity of the San 
Fernando earthquake serves to illustrate problems in 
appraising future earthquake hazards. Young and dat- 
able sedimentary deposits, such as alluvium and terrace 
deposits, are needed to ascertain the time of movement 
of tectonic features that disrupt them. Faults are com- 
monly known to be active where they cut deposits only a 
few thousand years old. Faults are suspected of being 
active where the youngest strata or geomorphic features 
cut are several tens of thousand or a hundred thousand 
years old. In the absence ot datable young beds that are 
clearly cut by faults or warped and distorted by folding, 
there is at present no satisfactory way to determine 
whether a fault should be labeled as active and is likely 
to break again in the near future, Many faults are map- 
pable in older rocks, but they may have been formed by 
geologically ancient deformations under tectonic re- 
gimes and stress situations long abandoned. 

The difficulties are illustrated in Figure 1.2, a cross 
section through the region of the San Fernando earth- 
quake and extending northeastward into ancient rocks, 
including those of Precambrian age. Along the edge of 
the valley, transected young deposits prove that the 
faulting is young, but faults within the higher moun- 
tains underlain only by basement rocks may have been 
active at intervals any time since the rocks were consoli- 
dated over a billion years ago. These ancient rocks have 
also been tilted and folded as shown by layering in igne- 
ous rocks formed by settling of crystals on the flat floor 
of a magma chamber in Precambrian time. Whether the 
tilting of the layering, which was originally nearly hori- 
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zontal, took place not long after crystallization or but 
recently cannot be determined from examining local 
outcrops. Regional understanding of the tectonic 
history, however, may provide a basis for useful 
inferences. 

That the basement rocks in this region have been 
folded and displaced recently is also shown by the shape 
of the unconformity between young deposits and the 
basement (Figure 1.2; Oakeshott, 1975b). The syncline 
beneath the San Fernando earthquake fault is accompa- 
nied by an anticline above it, even though along the 
plane of the cross section there are no outcrops of the 
unconformity for about 8 km northward. The folded 
unconformity, dated as young because the deposits just 
above it are geologically young, proves that the latest 
deformation of the basement block took place in recent 
times. But this interpretation does not preclude many 
other deformational events, including several episodes 
of folding and faulting in the geologically remote past. 
During the earthquake the San Gabriel Fault did not 
rupture the ground surface so far as is known; this major 
ancient fault was ignored in the modern stress regime. 
Old faults may well become reactivated if they are ori- 
ented so that the resolved shear stress on them is suffi- 
cient for slip within the present-day tectonic situation. 
For this reason it is desirable for investigators to learn as 
much as they can concerning the style of deformation so 
that they can advance reasonable inferences concerning 
which faults are dangerous. Models of crustal structure 
and behavior that are well substantiated may be helpful 
in this task. 
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California Coast Ranges 

Northwest of the Transverse Ranges, and reaching 
into the area near the Mendocino triple junction, are 
several low but rugged ranges interspersed with long in- 
termontane valleys. The region constitutes the Coast 
Ranges. They break off sharply both at the shoreline on 
the west and with the topographically flat Great Valley 
on the east. Throughout the mountain belt, the ranges 
are uplifted and deformed as shown by warped young 
terraces and surfaces (Buchanan-Banks et al., 1978; 
Page, 1981), The Coast Ranges are also constructed of 
ancient rocks that have been involved in a complicated 
history through geologic time. For example, many of 
the older strata were formed at a convergent tectonic 
boundary between lithospheric plates coming in against 
the continent from Pacific regions. Many faults in such 
areas have moved again and again, and some may now 
be active, although it is difficult to document the timing 
of the most recent displacements owing to the paucity of 
young offset strata, 

The stretch of the San Andreas Fault through the cen- 
tral Coast Ranges is straight and constitutes the near- 
surface boundary between the lithospheric plates. Ac- 
tivity along it is shown in two ways. First, it is the locus 
of continuous slow creep, and, second, from time to 
time noticeable earthquakes take place upon it, such as 
the Parkfield earthquake of 1966 (Brown et al., 1967). 
The reach of the fault subject to creep and frequent 
small earthquakes extends on northwestward from near 
the town of Parkfield into the San Francisco Bay area. 
This is the part of the fault system that is under close 
watch instrumentally by the U.S. Geological Survey, 
Seismographs and instruments of other types are moni- 
toring the behavior of the walls on either side of the fault 
in a search for premonitory changes in strain, tilt, mag- 
netism , electrical field, the depth and character of small 
earthquakes, and the gas contents and water levels in 
wells (Raleigh at al., 1982), When a major earthquake 
occurs along this segment of the San Andreas, geoscien- 
tists hope to have gathered many kinds of information 
pertinent to understanding when, where, and why the 
earthquake happened. 

The Coalinga earthquake of May 1983 took place in 
the central California Coast Ranges, with its epicenter 
near their margin with the Great Valley and about 30 
km from the San Andreas Fault (Eaton et al., 1983; 
Namson et al . , 1983; Wentworth et al . , 1983) , Although 
the tecton ic setting of the ear thqu ake is still u nder study , 
it appears that relatively rigid crustal layers are deform- 
ing differently from those at depth. The occurrence of 
the earthquake at distance from the San Andreas Fault 
attests to the mobility of a broad belt near the litho- 


spheric plate boundary and also that geologists have 
much to learn concerning its dynamics. 

To the south of Parkfield the fault last ruptured dur- 
ing the Fort Tejon earthquake of 1857, one of the strong- 
est earthquakes in California recorded history (Sieh, 
1978a, b). This earthquake displaced ground features 
about 30 feet right laterally along the fault from the 
southernmost Coast Ranges, through the Big Bend re- 
gion of the San Andreas Fault and the central Tranverse 
Ranges, to the vicinity of the city of San Bernardino. 

Within the San Francisco Bay region elongate crustal 
blocks are separated by several major faults of the San 
Andreas transform system, such as the San Gregorio, 
Sun Andreas (proper), Hayward, and Calaveras (Cro- 
well, 1976; Page, 1981, 1982). These faults are neither 
exactly parallel to each other nor to the direction of 
movement between the Pacific and North American 
lithospheric plates. Where the faults diverge or con- 
verge in map view, blocks between them may be either 
squeezed or stretched. Where they are stretched, the 
terrain sags to form valleys and sedimentary basins, and 
where squeezed, terrain rises to make mountains, San 
Francisco Bay itself may well owe its origin to the sag- 
ging of the block between the San Andreas and Hay- 
ward Faults so that ocean waters from the Pacific are 
able to flood eastward upon the continent. In this re- 
gion, terrains between major faults are undergoing de- 
formation as shown by out-of-place old-erosional sur- 
faces — some have been much uplifted and dissected; 
others, such as marine terraces, are now depressed far 
below the levels where they were formed (Atwater 
et al., 1977). Soft melanges of the ancient Franciscan 
Complex stand high and are prone to severe landsliding. 
The region as a whole is undergoing deformation, but 
deformation is even more concentrated along the major 
fault zones (Brabb and Hanna, 1981; Prescott el al., 
1981). 

North of San Francisco Bay several terrains between 
discontinuous active faults are recognized (Herd, 1978; 
Fox, 1983) . Shear stress between the two lithospheric 
plates is apparently spread across a region running 
through broad lowlands near the city of Santa Rosa. The 
belt of displacements includes the San Andreas Fault on 
the west and extends well to the east into the high Coast 
Ranges, roughly on line northwestward from the active 
Calaveras and Concord Faults. This region is one where 
the active plate boundary is broad and diffuse and 
where crustal slices within it also show “porpoise struc- 
ture.” Geologic mapping with an emphasis on docu- 
menting recent deformation is hampered in the north- 
ern California Coast Ranges by widespread dense 
forests and brush, steep terrain subject to landsliding, 
and the paucity of datable young rocks. 
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Mendocino Triple Junction 

The region onshore from the Mendocino triple junc- 
tion, where the the Juan de Fucu, Pacific, and North 
Americun lithospheric plates meet, is complex tectoni- 
cally (Atwater, 1970), It lies transitionally between ter- 
rains on the south undergoing transform displacements 
and those to the north undergoing oblique convergence. 
Moreover, the relative movement between the major 
plates is carrying the triple junction slowly northwest- 
ward relative to the continent on the east, so that 
through time, transform-belt tectonic features are being 
overprinted on those formed under a regime of oblique 
convergence. Investigation of a few patches of Quater- 
nary strata show both folding and faulting. In fact, 
wrench faulting forming ahead of the arrival of the San 
Andreas transform system is recognized 120 km north of 
the triple junction (Kelsey and Cashman, 1983). 

Oregon and Washington Coast Ranges 

From the Mendocino triple junction, coastal moun- 
tain ranges extend on northward from within California 
through Oregon and Washington. Farther inland in Or- 
egon lies the Willamette Valley and still farther east- 
ward the Cascade Range, Active volcanoes surmount 
the Cascade Range, including Mount St. Helens (Lip- 
man and Mullineaux, 1981), and are inferred to be the 
consequence of subduction of the Juan de Fuca plate 
beneath the continent. The belt of active volcanoes ex- 
tends from Mount Lassen on the south, onshore to the 
southeast from the Mendocino triple junction, through 
Mount Shasta, and on northward through both Oregon 
and Washington and southernmost British Columbia. 
Along this trend, active deformation associated with 
volcanism therefore also requires evaluation, but the 
volcanic belt lies well to the east of the coastline. 

Along the coast, uplifted marine terraces attest to ver- 
tical tectonic movements, but active-tectonic investiga- 
tions are sparse. The coastal ranges, including the 
Olympic Mountains in Washington, were uplifted be- 
ginning in Pliocene time and are still rising (Snavely and 
Wagner, 1963; Gable and Hatton, 1983). Fault scarps 
of Quaternary age have been identified on the south- 
eastern part of the Olympic Peninsula (Wilson et al., 
1979) and on the seafloor (Snavely et al., 1980). Earth- 
quakes, such as those near Mount Rainier in 1973 and 
1974 (Crosson and Frank, 1975; Crosson and Lin, 
1975), and geodetic measurements prove recent defor- 
mation (Ando and Balazs, 1979). Investigations stimu- 
lated by the 1980 eruption of Mount St. Helens are add- 
ing much to understanding of the tectonics of the region 
(c.g., Weaver and Smith, 1983). 


In northwestern Washington the tectonic style of ac- 
tive deformation changes gradually from one of oblique 
convergence to one of transform displacements associ- 
ated with the Queen Charlotte Fault zone. This zone, 
which lies off the coast of British Columbia, forms the 
boundary between the Pacific and North American 
plates northwest of the Juan de Fuca Rise, The transi- 
tion zone lies inboard primarily of the fragmented Juan 
de Fuca plate (Figure 1,1; Clowes et al.; 1983), High 
river terraces and upland surfaces of Quaternary age at- 
test to active uplift in the Coast Mountains of British 
Columbia, inferred to be due chiefly to vertical expan- 
sion after heating of a thick crustal slab; this active uplift 
is documented by the unroofing and setting of fission- 
track dates (Parrish, 1983), Active tectonics in this re- 
gion appear to be the consequence of isostatic adjust- 
ments to a previous history of oblique subduction that 
has thickened the crustal slab. 

Other Active-Tectonic Realms 

Several other provinces lie to the east of the coastal 
belt and locally display active deformation but are not 
dealt with in detail here (Figure 1.1). They include the 
Great Valley of California, the Willamette-Puget 
Sound Lowlands of Oregon and Washington, Sierra Ne- 
vada, Cascade Ranges, and Basin and Range province. 
In fact, from a global viewpoint, the whole of western 
North America constitutes the deformed margin of the 
North American plate (Atwater, 1970). The eastern 
edge of this belt corresponds to the abrupt eastern es- 
carpment of the Rocky Mountains where they meet the 
Great Plains. The relatively stable cratou lias still far- 
ther east and underlies the middle or the continent. 

DISCUSSION 

These brief descriptions of active-tectonic realms 
along the Pacific Coast emphasize the mobility of the 
region. Earthquakas, geodetic surveys, other geophysi- 
cal measurements of several types, geomorphic studies, 
and geologic observations document irregular ground 
movement both vertically and horizontally. Many small 
areas the size of citias have been intensively studied, so 
that their deformational history is well known, but these 
areas are scattered and unevenly distributed. In addi- 
tion, the kind and quality of data documenting active 
deformation is unsatisfactorily variable, 

Documentation of recent deformation from earth- 
quakes and from most geophysical measurements deals 
with the present and the past few decades only. It does 
not span time intervals long enough to reveal an under- 
standing of average conditions — the time sampling is 
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just too short (Allen, 1975), Therefore basic documenta- 
tion of recent deformation is lacking both areally and 
temporally. The former can be remedied only in part by 
adding many instruments throughout a region. Despite 
the huge cost, only short- time-span information can 
result. 

However, widespread studies in tectonic geomor- 
phology — locally quantified by appropriate regional 
studies involving geophysical measurements and iso- 
topic and soil dating — will add useful information on 
averages over several millenia. Investigations of these 
sorts have been most fruitful in local areas, especially 
around San Francisco Bay and in the Santa Barbara- 
Ventura regions (Atwater et ah , 1977; Keller et ah, 
1982; Lajoie et ah, 1982; Yeats, 1983). These types of 
study need to be extended throughout the coastal belt 
wherever there are young datable strata to work with. 
By means of such investigations, deformational histories 
extending back into geologic time for tens of thousands 
of years will provide better understanding of the episo- 
dicity or continuity of rates of uplift, sinking, warping, 
folding, and faulting. 

A long look at the late Cenozoic geologic history of the 
tectonically mobile belt shows that activity along major 
fault strands of the San Andreas Fault system, for exam- 
ple, has switched from fault to fault (Crowell, 1979). 
Studies of critical areas using geomorphic data should 
aid in understanding the timing of these switchings. 
They will also help in characterizing the style and tim- 
ing of crustal movements on slices within fault zones 
themselves. 

Vast prw. ortions of the mobile belt extending inland 
from the Pacific Coast are not continuously underlain 
by young datable strata or datable geomorphic surfaces 
and so do not lend themselves to geomorphic or geologic 
study aimed at demarcating episodes of active deforma- 
tion through time. Documentation of deformation in 
such regions will therefore always be piecemeal and in- 
complete. Many of these intervening regions are under- 
lain by older rocks deformed many times through the 
geologic ages. Tectonic overprinting of one style on an- 
other makes it difficult to separate the results of those 
crustal movements now under way from the results of 
ancient ones. Conclusions concerning deformation in 
these regions will therefore have to come largely from 
extrapolation from where data are available to inter- 
vening areas where there are none. These extrapolations 
need to be based on understanding of the regional tec- 
tonic behavior and on well-constrained tectonic models. 
With this information in hand we may be able to place 
geophysical instruments, such as strs in gauges, at criti- 
cal locations where they can provide warnings of im- 
pending earthquakes. 


The classification of active-tectonic realms in this 
brief paper is built on the plate-tectonic concept, and 
much local research at present is striving to add details 
to this concept and to improve models. In fact, maps at 
scales ranging from local areas to large regions, showing 
the style of active deformation, will provide a useful 
way to synthesize and portray data from both observa- 
tions and models, More subsurface data are also needed 
to improve the models. Much crustal extension and 
shortening prevails in the upper few tens of kilometers of 
the crust. Profiles using the reflection seismograph will 
be especially helpful in outlining the structure at depth, 
including the position and character of decollement 
zones. The fine structure and behavior of small crustal 
units or blocks in three dimensions is not yet fully 
melded into global pi ate- tectonic theory, 

Progress in tectonic understanding will be strongly 
accelerated if there is better coordination among many 
types of geoscientist whose professional focus initially 
differs widely, Local studies by engineering geologists 
will improve understanding of the way sm all sectors be- 
have through time. They reveal the style, rates, episo- 
dicity, or clustering of deformational events, that is, 
they reveal the strain pattern under development in lim- 
ited areas, Investigations undertaken to evaluate the 
safety and suitability of sites for major engineering 
structures such as high-rise buildings, nuclear power 
plants, bridges, tunnels, and dams provide examples of 
such local studies. Data and inferences from these inves- 
tigations will add significantly to tectonic models, 
which in turn will aid in extrapolating to areas where 
active-tectonic data are sparse or lacking. All geoscien- 
tists need to find ways to stimulate coordination leading 
to mutual symbiosis. 

During the decades ahead geoscientists foresee a 
marked improvement in the applicability of tectonic 
models, thanks to the integration of data from local de- 
tailed studies, both geologic and geophysical. Geoscien- 
tists are challenged to monitor these local studies and 
strive to place them into a regional synthesis. Both data 
and inferences can be depicted on maps and diagrams 
that are especially designed to show and discriminate 
between basic information and interpretation and to 
show active-tectonic realms more satisfactorily. Science 
and society will both benefit significantly, 
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ABSTRACT 

Major deformations of the Earth’s surface are largely consistent with the tenets of plate tectonics, 
which predict that such activity should be focused at the various boundaries along which massive 
lithospheric plates collide, pull apart, or slide past one another. Yet crustal deformations also 
occur well into the interior of these plates. Some may represent the “distributed” effects of 
distant plate boundaries, as, for example, the earthquakes of the intermontane western United 
States. Some, such as the geodetically observed uplift over a deep magma chamber in the Rio 
Grande rift of New Mexico, may correspond to incipient formation of a new plate boundary. 
Others, like the subtle, broad uplifts and subsidences in the nominally “stable" cratonic interi- 
ors, are much more puzzling, Such motions often appear estranged, if not divorced, from 
accepted plate-tectonic processes. Postglacial rebound, a well-known phenomenon in portions 
of North America and Europe, also appears to be an inadequate explanation for many 
observations. 

Understanding contemporary motions of plate interiors is often hindered by the paucity and 
uncertain accuracy of relevant geophysical and geodetic observations. Yet intraplate tectonics 
constitutes more than a scientific enigma. Even seemingly slow vertical motions may threaten 
river courses or seafront properties on socially relevant time scales, and the subtle strains accu- 
mulating elsewhere may portend future earthquakes or volcanoes in the least predictable places. 


INTRODUCTION 

Even a cursory glance at global earthquake activity 
makes clear that much of the world’s tectonic activity is 
concentrated in relatively narrow belts (Figure 2. 1) . Ac- 
cording to the theory of plate tectonics, these earth- 
quake belts, and the similar patterns of volcanic activ- 


' Robert E. Reilinger is now at the Massachusetts Institute of Tech- 
nology. 


ity, mark the currently active boundaries between 
large, lithospheric plates that are moving relative to one 
another (e.g., Dewey, 1975). The Pacific “Ring-of- 
Fire," for example, is associated primarily with subduc- 
tion of the lithospheric plates carrying the Pacific Ocean 
beneath other plates carrying Asia, North America, and 
South America. In the United States, the San Andreas 
Fault is considered a classic example of active tectonics 
associated with two plates (Pacific and North America) 
sliding past one another. 

However, plate boundaries are far from being the 
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FIGURE 2. 1 Global seismicity. Earthquakes tend to be concentrated along relatively narrow belts that define the boundaries of active lithospheric 
plates. However, some earthquakes also occur well within the plutcs thus defined. Examples include southeast Asia and the intermontune western 
United States (after Barazangi and Dorman, 1968) . 


whole sto~y as far as active tectonics is concerned. In 
many parts of the world, within both ocean basins as 
well as continental interiors, there are concentrations of 
earthquake and volcanic activity that seem divorced 
IVom plate-tectonic precepts. Hawaii is a dramatic ex- 
ample. The volcanoes of the Hawaiian Islands-Emperor 
Seamount chain are generally believed to result from 
upwelling of magmas from a source beneath the Pacific 
lithospheric plate. Although the geometry of the vol- 
canic chain appears to be due to the motion of this plate 
over the underlying mantle “hot spot,” the hot spot itself 
is arguably a phenomenon independent from the overly- 
ing global plate framework. 

Regions such as southeast Asia and the western United 
States, where plate boundaries cut into continents, seem 
especially prone to intraplate tectonics. The volcanic 
and seismic activity in such areas is conspicuous (Figure 
2.1) and often dramatic (Figure 2.2). The semantics of 
whether tectonic activity in such areas should be be con- 
sidered truly intraplate or treated as some kind of dis- 
tributed effect of a distant plate boundary largely begs 
the issue. Regardless of nomenclature, the fundamental 
causes of many such phenomena remain unclear, and 
their place in the plate-tectonic framework unresolved. 


The ancient Precambrian cores of the world’s conti- 
nents contain special problems for understanding active 
tectonics. Although the most obvious manifestations of 
contemporary tectonics, such as seismicity, are decid- 
edly less pronounced than along the plate boundaries, or 
even in the. geologically younger intraplate regions, 
earthquakes do occur in the craton and near its periph- 
ery. In the United States, two of the most destructive 
earthquakes in history occurred not along the San An- 
dreas Fault but in the nominally “stable” eastern United 
States near New Madrid, Missouri, in 1811-1812, and 
near Charleston, South Carolina, in 1886. Seismicity 
continues in many parts of the eastern United States, 
and faults of relatively recent geologic vintage have 
been identified (York and Oliver, 1976). 

That parts of the cratonic interior are tectonically ac- 
tive in the present time should perhaps not be surprising 
in view of the geologic record. Features such as the 
Michigan Basin and the Adirondack Dome (Figure 2.3) 
are incontrovertible evidence that the eratons were sub- 
ject to major vertical motions in the past thatlr.ek a clear 
connection to the plate-tectonic scenarios of those times. 
Geologic strata attest to many gentle inundations and 
uplifts of the interior platforms that reflect relative mo- 
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but one of the mow obvious expression* of cart hquakt 
deformation (Figure 2,2). In mwmc$M%. geodetic mea- 
surements delineate more subtle patterns of motion It i* 
reasonahli to 3ssuine. and the limited evidence avail 


terraces are now classic ;e.g. Niskanen, 1939). The ef- 
fects of postglacial rebound are not restricted to a®*s in 
proximity to the former ice sheets but are global in ex- 
tent and of particular importance in coastal areas. 

In the following discussion, we outline »me of the 
evidence for active tectonics in i: .t uiplate areas, review 
some of the obstacles to our fuller understanding of their 
causes, and assess their potential impact oil society. 


meters are common, and several meters arc possible. 
Undoubtedly similar movements have accompanied 
other infraplate events both In the United States and 
elsewhere but have gout u n • ieUitc. owing to the lack of 
appropriately timed m spaced observat ioas. 

Where sufficiently detailed geodetic nhserx atii ms are 
available, cosetsmie men ements are roughly consistem 
with the deformation predicted by simple dislocation, 
theory teg. . Savage and l (astir-. 19<ifo. intrapfoti p >st- 
seismu: deformation has ! ireii attributed to afterslip on 
the earthquake fault (t, g,. Savage and Church. 1974) 
os to subteqw nt vheoelasi n relaxation i Kugduk and 
KiM'hV. . ins 


earthquake deformation 

While the underlying causes of intraplate earth 
quakes remain problematical some are clearly assoei- 



FIGURE 1,3 The Adirondack Dome (Cnurtt*) 
Land! Cm», 1 1» Ikxsnvffb, Mew York). Hate in 
te-riors alien ccsUia Belated geologic structures 
that are cliff it uli t© relate I© ancteir piste bound- 
aries, The Michigan Basin is a wither classic 
example, 


Vertic al Deformation Assoc iat ed with U.S. Intrap late Earthquakes 


TABUS 11 


Cosetsmlc 


Pmtmkmte 


MagnRitde toiplttudb Extent, fan Amplitude Exte nt, ki n 


Earthquake 


Myers and Hamilton, 19fM 
Savage and Hastier 1068 
Keilfnger H a I , 1977 
Bellinger, 1985 
Savage rt at.. 1985 
Stein and Barrientos, 1985 


Hebgen Lake, 

Montana <!«»} 


Borah Peak. 

Mali© (1983) 

DS*fe Valley , 

Nevada (ISS4) 
Valentine, 

Texas (1931) 
Yellowstone Park, 
Wyoming (1975} 
Owville, 


Savage and Il»tie, 1906 
Savage and Church, 197- 
Ni 1981 


Savage at at,, 1977 


.i movement, MS” ! I'M 



LAItXY 0 SHOWN md mil . I III 1 l.lNl.l- It 


for pfedlstfestt, has proven elusive Ip capture to the more 
art lye interplate zones f e, g, , Thatcher , 1® U.m> it is not 
sarpriiiag that it has net yet been tin ambiguously oi> 


Washington, area, home of these ilirformatteni »*y 
well n-ili.it the secular scciismMki trf inter wisinie 

strain. 


casrtsrolc and ptxtieisttiic cWortnation k guided by the 
known time tad location of a specific earthquake. In 


lent. It has proven <x inanely difficult to associate in 
traplate earthquakes, even large ones, with speeifh 


by chance than design, as when repeated geodetic sur- 
veys, often carried out for other reasons, happen to 
cover the location of and a time interval immediately 
preceding some later earthquake. 

Jnfersmmsc deformation, the slow buildup of strain 
during the time periods between earthquakes. Is diffi- 
cult to measure for similar reasons, but also because it 


irnmnst example of Table f. 1 is that of inferred vnseix 
mil' deformation assoda ted with the 1031 \ ah-nlinc. 
Texas, earthquake, which is arguably still within the 
seismic regime of the active Rio Grande rift system (Ni 
at «f„, 1981). Although Schilt and Reilingw fi981) re- 
ported some curious vertical motions mm the New Ma- 
drid seismic zone that may be earthquake related, the 


matter phases, In his review of evidence for horizontal 
strain accumulation from geodetic measurements. Sav- 
age (1983) found significant strain rates In a number of 
areas, including the Watsatch Fault near Salt Lake 


(1978) related low-level seismicity in the New York area 
to the Ramapo Fault , white recent: studies near Charles- 
ton (Taiwan! et at*, 1984) may have identified subsur- 
face faulting associated with the major nineteenth cen- 
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FI G UEE 2,5 Area affected by the J 886 Charleston earthquake com- 
pared with other major U.S, earthquakes (modified after Rankin, 
1977). Earthquakes in the eastern United Stutcs are felt over a larger 
area than an equivalent-sized earthquake in the west owing to more 
efficient propagation of seismic energy. Intensities are given using the 
Modified Mercali scale. 


which unequivocably confirm that not all volcanoes lie 
over subduction zones. Movements associated with such 
volcanoes have been closely monitored for some time 
(e. g, , Wilson, 1935) and are generally thought to reflect 
the episodic inflation and deflation (eruption) of subsur- 
face magma chambers (c.g., Decker, 1969). Observa- 
tions of ground motion near volcanoes, together with 
attendant seismic activity, have proven to be effective 
predictors for future eruptions. 

Somewhat less well known, perhaps, are other results 
that suggest subsurface magma injection in areas of not- 
so-recent volcanism. One example of surface deforma- 
tion attributed to magma at depth comes from the Rio 
Grande rift of central New Mexico. A variety of geo- 
physical measurements near Socorro, New Mexico, in- 
dicate the existence of a thin, but extensive, mid-crustal 
magma layer (Sanford et ah, 1977). Precise leveling 
over this magma body indicates vertical uplift of about 
15 cm over a 40-yr period (Reilinger and Oliver, 1976). 
Recent measurements indicate (Figure 2.6) that thecen- 


evidence of surprisingly large horizontal strains in 
southeastern New York, which may reflect ongoing duc- 
tile deformation at depth. However, an examination of 
the limited number of horizontal resurveys in other 
areas of the eastern United States associated with seis- 
micity failed to detect any significant motion (Krueger 
etal., 1983). 

This paucity of surface manifestation, together with 
the comparatively low recurrence rate of earthquakes 
and relatively short historic record, makes seismic-haz- 
ard mapping an especially difficult endeavor in the sta- 
ble interior. Yet earthquake hazard can by no means be 
neglected in these areas. Major earthquakes in the New 
Madrid, Missouri, area in 1811-1812 and near Charles- 
ton, South Carolina (Figure 2.4), are well-known testa- 
ments to the uncertain vulnerability of major popula- 
tion centers in such nominally quiescent regions (Sykes, 
1978). Potential seismic hazard in the stable interior is 
exacerbated by the more efficient transmission of seis- 
mic energy. An earthquake in the eastern United States 
is likely to be felt over or damage a much larger area 
than an equivalent earthquake along the San Andreas 
Fault, for example (Figure 2.5). Mitigating hazards 
from earthquakes in the stable interior remains one of 
least tractable yet most important problems in contem- 
porary tectonics. 



MOVEMENT 

1951-1981 



DISTANCE, Km 


MOVEMENT 

1912-1951 


SEISMICITY 

( 1962 - 1977 ) 


MAGMA INFLATION 

Another dramatic demonstration of intraplate tec- 
tonics are the oceanic volcanic chains such as Hawaii, 


FIGURE 2.6 Uplift in central New Mexico measured by repeated 
leveling (Larsen ct at., 1985). This movement is attributed to inflation 
of a mid-crustal magma body. This inflation may also be responsible 
for seismicity of Ihis area, 
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tral uplift over the magma chamber is flanked by a zone 
of subsidence, the overall pattern suggesting with- 
drawal of magma from one reservoir and injection into 
another {Larsen et ah, 1985), An intriguing aspect of 
this uplift is that it occurs in an area where there have 
been no historical eruptions, although volcanic rocks in 
the rift attest to such activity as recently as 100,000 yr 
ago (Lipman and Mehnert, 1975). Whether this ground 
motion portends some future eruption or is part of some 
normal cycle of magma transfer at depth with little 
chance of breaking out at the surface has yet to be 
ascertained. 

Geodetic observations have been linked to possible in- 
tracrustal magmatism in other parts of the Rio Grande 
rift (e.g., Reilinger et ah, 1979), in Yellowstone Na- 
tional Park (Pelton and Smith, 1982), and, most re- 
cently, near Mammoth Lakes in eastern California 
(Savage and Clark, 1982; Castle et al . , 1984) . In the lat- 
ter example, changes in elevation and horizontal strain 
have been interpreted to indicate magmatic resurgence 
of the Long Valley caldera by inflation of an approxi- 
mately 10-km-deep magma chamber, This inflation 
may be responsible for a series of four magnitude-6 
earthquakes in the area in 1980. Because there have 
been several explosive eruptions and extrusion of rhy- 
olite domes in this area during the past 400 yr, and be- 
cause Long Valley is less than 200 miles from major cit- 
ies like Sacramento and San Francisco, deformation and 
seismic activity are being monitored in order to predict 
possible future activity. 

The local and regional doming near Yellowstone is 
difficult to relate to standard plate-boundary processes. 
Magma injection is thought to result from a “hot spot” 
that can be traced into the North American continent 
along the Snake River Plain (e.g., Suppe etal . , 1975) . In 
this sense it is clearly an intraplate phenomena. On the 
other hand, it could be argued that the apparent magma 
uplifts near Mammoth Lakes and in the Rio Grande rift 
really represent plate-boundary processes. The former 
may be a relict of the subduction-related volcanism, 
which for the most part ceased when the West Coast 
converted from a convergent to a strike-slip margin. 
Likewise the New Mexico activity could well represent 
the beginnings of a new plate boundary, a rift that may 
evolve into a new ocean basin by splitting off the south- 
western United States. 

Semantics notwithstanding, such examples must be 
considered in order to understand intraplate phenom- 
ena. After all, neither lies upon a currently active plate 
boundary per se. More to the point, the geologic pro- 
cesses that they represent may ’vnll pertain to other “in- 
traplate” phenomena whose association with similarly 


defunct or precursor boundaries is simply not yet so 
apparent. 

CRUSTAL LOADING 

Contemporary deformation of the stuble interior is 
virtually synonymous in many minds with postglacial 
rebound. The broad doming of recently deglaciated 
parts of North America and Scandinavia has long been 
documented by geologic studies of warped beach ter- 
races and geodetic measurements of continued uplift 
(Figure 2.7). This motion is perhaps the best under- 
stood, geomechanically speaking, of any type of intra- 
plate deformation, although controversy still revolves 
around distinguishing those possible deep-earth rheolo- 
gies that are most consistent with the observed rebound 
effects (e.g., Kaula, 1980). 

An important aspect of recent studies of postglacial 
phenomena, especially sea-level changes, is that this is a 
global phenomenon, not restricted to the immediate 
area of glacial retreat. Concepts such as the collapse of a 
peripheral bulge (e.g., Walcott, 1972) have been re- 



FIGURE 2,7 Postglacial rebound of Fennoscandia (Balling, 1980). 
Contours represent uplift in millimeters per year measured by precise 
leveling. 
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fined to predict a complex pattern of relative motion of 
land and sea the world over (e.g. , Clark, 1980) , 

A persistent suspicion is that the stresses associated 
with postglacial rebound may be sufficient to trigger 
seismic activity in deglaeiated regions (e.g,, Stephans- 
son and Carlsson, 1980). However, the correlation be- 
tween rebound and earthquakes seems tenuous at best. 

Land uplift following glacial unloading has also been 
reported on a more local scale. Hicks and Shofnos (1965) 
correlated an anomalous drop in sea level in southeast- 
ern Alaska with recent retreat of a small ice sheet. The 
rate of this local land uplift is on the order of 4 mm/yr. 

Ice is not the only crustal load capable of driving sur- 
face deformation, Crittenden (1963), for example, re- 
ported both geologic (deformed shorelines) and leveling 
evidence of continued local uplift in the area of former 
Lake Bonneville. This rebound is inferred to follow the 
removal of the water load associated with climatic 
changes in postpluvial periods. Depression of the land 
surface by filling of new reservoirs is well known (e.g., 
Longwell, 1960). Holzer (1979) even reported evidence 
that drawdown of aquifers in southern Arizona has been 
followed by a rebound effect. In addition, Opdykeei al. 
(1984) attributed post-Pleistocene uplift in northern 
Florida to crustal unloading associated with limestone 
dissolution in Karst areas. 

Redistribution of crustal loads by erosion, sedimenta- 
tion, and faulting is fundamental in geology. Sedimen- 
tary infilling clearly augments thermal subsidence to 
form some of our major basins (e.g., Sleep, 1971), and 
the importance of crustal loading by thrust sheets is be- 
ing recognized as a major factor in the formation and 
evolution of foreland basins and basement arches 
(Quinlan and Beaumont, 1984). Perhaps a contempo- 
rary example is found in the south central United States, 
where leveling results (Figure 2,8) have been inter- 
preted to show uplift of a forebulge associated with sedi- 
mentary loading of the Mississippi delta (Jurkowski et 
al., 1984; Nunn, 1985). 

EPEIROCENY 

Sedimentary strata that overlie large areas of the sta- 
ble interiors like the central United States and eastern 
Europe record a history of broad upwarping and 
downwarping relative to sea level (e.g.. King, 1977). In 
some cases, large basins or domes have formed, appar- 
ently unrelated — except by age — with distant plate 
boundaries. Formation of these relatively gentle tec- 
tonic features is called epeirogeny, a term that still car- 
ries an aura of mystery. Indeed, there is no widespread 
agreement on what causes these interior motions. 


One of the most surprising results to arise from the 
analyses of precise leveling data is that many of these 
platform areas seem still to be going up or down at geo- 
logically rapid rates. For example, a map of vertical 
crustal motion in eastern Europe (Figure 2.9) published 
not long ago shows parts of the Russian platform going 
up and down at differential rates of several millimeters 
per year. Leveling in the eastern United States (Figure 
2. 10) likewise seems to suggest that vertical neotectonic 
motion is the norm, not the exception, in these areas, in 
spite of a long-term geologic record of relative tranquil- 
lity (e.g., Brown and Oliver, 1976). Although some of 
these apparent motions may be remnants of postglacial 
rebound, as in the Baltic Shield or the Great Lakes area 
of the United States, most lack a clear-cut neotectonic 
explanation. 

However, before ascribing these motions to some 
new, unheralded form of intraplate tectonics, it is im- 
portant to recognize that there are major outstanding 
questions about the accuracy of the geodetic measure- 
ments on which most such studies are based. Recent 
work has shown, for example, that systematic errors are 
more serious than previously thought and that apparent 
changes in elevation once believed to be neotectonic in 
origin are now perceived by some to be artifacts of ob- 
servational errors (Strange, 1981), 

Unfortunately, assessing the influence of geodetic er- 
rors on estimates of vertical crustal motion in areas like 
eastern North America is still in an early stage, and ini- 
tial results are too few and inconclusive (e.g,, Fadaie 
and Brown, 1984). Yet even a cursory glance at Figure 
2.10 provides grounds for skepticism. In this figure are 
two independent estimates of crustal motion, one based 
on water level and leveling in southeastern Canada and 
one based on leveling and sea-level data for the eastern 
United States. Although the rates are similar, these esti- 
mates show a disturbing degree of inconsistency where 
they join along the United States-Canada border. Until 
these data sets are reduced jointly and uniformly it is 
perhaps unfair to expect complete agreement; yet, the 
question remains as to whether some of these patterns 
are more the result of statistical smearing of unrecog- 
nized and inadequately treated systematic errors than 
real ground motion. 

A prominent trend of the map in Figure 2.10 is the 
apparent uplift of the Appalachians relative to the 
coastal regions and interior plains. Yet this relict moun- 
tain belt is generally thought to have last been active 
over 200 m.y. ago (Williams and Hatcher, 1983). Since 
certain types of leveling error are known to correlate 
with height, is the Appalachian “uplift” really the accu- 
mulation of such errors? Is the similarly inferred con- 
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FIGURE 2,8 Arching of the Gulf Coustal Plain 
north of New Orleans Indicated by precise level- 
ing data. This arching may be a forebulge- type 
response to sediment loading of the Mississippi 
delta (Jurkowski cl at., 1984). 



FIGURE 2.9 Contemporary vertical crustal 
motion (millimeters per year) of eastern Europe 
inferred from precise relevellng (after Mescheri- 
kov, 1973), 
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FIGURE 2, 10 Apparent vertical motion (millimeters per year) of the 
cnstcrn United States from precise releveling (Eustern United States 
results from unpublished map by G, Jurkowskt; Great Lukes and Ca- 
nadian results from Vanlcek and Nagy, 1080). Some of these patterns 
have been questioned because of uncertainties about the accuracy of 
the geodetic measurements on which they are based. 

temporary uparching of the Adirondack Dome in New 
York State (Isachsen, 1975) likewise -.u' pee' , or are real 
and important neotectonic motions b n ^ revealed? 

Until thorough error analyses are completed, proper 
reservations about the reality of significant neotectonic 
motion in at least parts of the stable interiors seem war- 
ranted. However, evidence for neotectonic motion in 
such areas does not hinge solely on geodetic data. Holo- 
cene motions along the East Coast have been inferred 
from tilted beach terraces (Winker and Howard, 1977) 
and from submarine geomorphology (Officer and 
Drake, 1981). Adams (1980) has even attempted to cor- 
relate the relatively detailed changes in river drainage in 
the deep interior of the United States to contemporary 
tilts indicated by leveling. Anderson et al. (1984) cited a 
correlation between patterns of modern subsidence in- 
dicated by leveling and post-Pleistocene deformation of 
wave-cut terraces near Eastport, Maine. Albeit many, if 
not all, of these inferences of motion could be challenged 
to some degree, the issue of neotectonics of the interior 
remains unresolved. In fact it is the continuing uncer- 


tainty about what is really going up and down in many 
parts of the interior that constitutes perhaps the domi- 
nant problem of active intraplate tectonics. 

DISCUSSION 

Although intraplate motions are remote almost by 
definition from plate boundaries, it docs not necessarily 
follow that they are unrelated to plate-boundary forces. 
The concept that lithospheric plates are rigid is a first- 
order treatment at best, and the geologic record is re- 
plete with evidence that interiors respond and deform to 
the actions at their edges, The tectonic collage that is 
now southeast Asia, formed by the collision of the In- 
dian subcontinent into the Asian underbelly, is elegant 
proof that plate-boundary forces exert an influence hun- 
dreds of kilometers into the interior (e.g., Molnar and 
Tapponnier, 1978). 

Some of the intraplate stress patterns mapped by Zo- 
back and Zoback (1980) for the United States (Figure 
2.11) suggest affinities with activity at boundaries of the 
North American plate. The extensional stresses of the 
Basin and Range, for t 'ample, have been interpreted as 
distributed shear from the San Andreas Fault system 
(Atwater, 1970). East-west compression of the eastern 
United States has been argued to reflect plate-driving 
forces (Sbar and Sykes, 1973), although other explana- 
tions have also been discussed (Zoback and Zoback, 
1980, 1981), Yet neither intraplate stress patterns nor 
seismicity are by any means simple, and the link, if any, 
to distant plate boundaries is more often obscure than 
not. 

One possible reason for complexity in intraplate tec- 
tonics is reactivation, i.e. , the concept that present tec- 
tonics is guided by crustal heterogeneities formed dur- 
ing much earlier times. Woollard’s (1958) appeal to 
reactivation of older geologic structures as an explana- 
tion of eastern United States seismicity has been echoed 
in various guises ever since. Sykes (1978) surveyed an 
array of evidence suggesting that intraplate neotec- 
tonics is influenced by structures inherited from earlier 
times, when plate boundaries may have been more di- 
rectly involved (Figure 2.12). For example, Zoback 
et al. (1980) reported seismic reflection data that docu- 
ments continued Cenozoic motion on Cretaceous faults 
in the Mississippi Valley region. Ancient crustal flaws 
may well serve to guide and focus plate-boundary forces 
in locally diverse, perhaps destructive ways, although 
the mechanics of this process are not completely under- 
stood (e.g,, Zoback etal., 1980). 

However, reactivation is at best only part of the pic- 
ture for active tectonics in intraplate regions. Postgla- 
cial rebound is another, and hot spots are undoubtedly a 
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third. None of thm\ hawawr, seems to explain all the 
ohmrvatkois, such as the geodetic indications of eon- 
temporary intraplate ups and downs m geologic strut: 
tuwsdike the Michigan Basin. Although some of the geo- 
detic* evidence may be open to doubt , the geologic 
record h unequivocal. Thus the question remains as to 
whether there exist heretofore unrecognized mocha- 
nisins of inttaplate deformation. Menard {1073), forex* 
ample. postulated the existence of asthenosplterle 
bump* to explain anomalous ocean- flour bathymetry. 
Jacoby (1971) looked to dtmiifkuitfoo of the mantle due 
to magma separation as a possible means of inducing 
vertical motion by Increasing eonfinental buoyancy. 
McKenzie f 1 8041 considered the intrusion of magma 
into the lower crust m another minus of driving vertical 
motion. These and other possibilities tit wive critical 
eoasider attoti ami testing with observations. 

One of tin problems with geodetic irttflcations of ver- 

ill |1 m«l O • l* H I?! tt>d< ' n ’ In I. 

cut : r»fes, typically on the order of a few millimeters per 


year {Figures 2.9 and 2. 10} Although these would *18® 
to be minute motions, they are extremely large i i* ■»» the 
geologic perspective, One millimeter per year corre- 
sponds to I km every' million years. Fur comparison, 
rites of contemporary erosion in intraplate areas are 
usually estimated to In* at least an order of magnitude 
km fSehumm, 1963). If such rates were sustained, ax 
should «pec* imposing mountain ranges to be thrown 
up within relatively short pciiods, geologically speak- 
ing. That we do not see such topography leads to the 
argument that these mot tons are oscillatory or epltodk, 
so that there b no net accMroulitloii of relief. In some 
respects, such an explanation s«»®$ a bit ad 1 hue, and 
skeptics might infer that tin inconsbt* A between 
some gcndetically measured fates and the more subdued 
geologic record is further reason to quest inn the accu- 
racy of the former. However, it should be reijaembered 
that rates of vertical motion on the order of a few milli- 
meters per year arc much smaller that tire commonly 
accepted rates of a few centimeters per y mt for the herb 
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FIGURE 2.12 Intruplatc tectonics may be influenced by inherited 
tectonic structures. In this example, relict transform faults left behind 
from the opening of the Atlantic may serve as weaknesses that concen- 
trate modern intraplatestresscs, thus constituting potential foci of seis- 
mic activity (Sykes, 1078). 


zontal motions associated with plate tectonics (Minster 
and Jordan, 1978). Moreover, the geologic record is full 
of cyclicity (Vail et ah, 1977). 

SOCIAL IMPACT 

The social ramifications of contemporary intraplate 
deformations are various. Some are relatively obvious: 
co-seismic deformations can damage nearby structures 
and disrupt or sever support services such as water or 
communication lines. Other types of deformation may 
have more subtle impact. The apparently slow vertical 
motions in the stable interior may yet be significant in 
planning long-term engineering projects. For example, 
a differential rate of only a centimeter per year will ac- 
cumulate to a meter in a century. In a coastal region, a 
meter change in average elevation can translate into 
mi'jor shifts in effective shoreline positions, positions 
that have fundamental economic and legal significance 
(Bossier, 1984). 

Intraplate deformation can also have indirect signifi- 
cance. For example, movements that precede and are 


related to earthquakes clearly have value in prediction. 
Generally speaking, to the extent that intraplate mo- 
tions provide clues for our understanding of tie state 
and evolution of stress in plate interiors, they are poten- 
tially critical guides for mitigating hazards from more 
obvious phenomena such as earthquakes and volcanoes. 

NEEDS AND TRENDS 

Current understanding of the active tectonics in in- 
traplate regions is mixed. On the one hand, broad con- 
cepts have been developed for areas like Hawaii (hot 
spots), Scandinavia (postglacial rebound), the Basin 
and Range of the western United States (distributed 
shear), and southeast Asia (India as a rigid indentor) 
that provide useful frameworks for monitoring, relat- 
ing, and mitigating hazards from specific phenomena 
like earthquakes or volcanoes. Yet observations from 
other areas, such as the eastern United States, remain 
difficult to relate to any encompassing tectonic theory. 

Although much has been learned about intraplate 
phenomena, basic questions remain. How are stresses in 
the plate interior related to forces at plate boundaries? 
To what extent are contemporary tectonics influenced 
by pre-existing structures? How accurate are the geo- 
detic measurements that are often our primary source of 
information on contemporary deformations in such 
areas? How do we recognize the influence of subtle lev- 
els of active tectonics in the geologic (geomorphic) re- 
cord? What are the best observational strategies for 
monitoring motions in areas of varying degrees of tec- 
tonic activity? What is an appropriate level of effort for 
tectonic investigations in intraplate areas in relation to 
the more active interplate zones? 

It is easy to become complacent on the issue of intra- 
plate tectonics. After all, damaging earthquakes are 
usually few and far between, and the secular motions 
seem too slow to warrant much concern, even if they 
prove to be real and not artifacts of measurement error. 
However, the relatively low frequency with which in- 
traplate events seem to affect our lives does not alter the 
fact that they can have and will continue to have major 
economic and social impact. There is more than suffi- 
cient reason to justify efforts to fill our considerable gaps 
in understanding intraplate motions. 

Future progress in studying intraplate tectonics re- 
quires many things. Many areas of the United States lack 
any geodetic resurveys with which to estimate contem- 
porary deformation. This is especially true of horizontal 
measurements outside the well-known seismic zones of 
the western United States. Issues of accuracy in geodetic 
measurements must be satisfactorily resolved. Monitor- 
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ing programs that most effectively address issues of con- 
temporary dynamics must be designed and funded at an 
adequate level. Furthermore, it must be recognized that 
these monitoring programs must be long term. New 
technologi’s must be brought to bear and integrated 
with conventional techniques. And certainly more re- 
search is needed to integrate and cross-calibrate seismo- 
logic, geodetic, and geomorphic measures of active tec- 
tonics to broaden our base of observations. 

In many respects these demands are being addressed, 
For example, the National Aeronautics and Space Ad- 
ministration, the U.S. Geological Survey, the National 
Geodetic Survey (NGS), and others have been develop- 
ing and/or applying new techniques such as very-long- 
baseline interferometry (VLBI), satellite laser ranging 
(SLR), and the Global Positioning System (GPS) to 
monitoring crustal deformations (e.g,, Coates et al., 
1985), The NGS has made an important effort to de- 
velop new corrections for geodetic leveling (e.g., 
Holdahl, 1981), and research has become much more 
meticulous as far as evaluating the accuracy of measure- 
ments (Jackson et al., 1980). Yet much remains to be 
done. Funding agencies and investigators alike must re- 
alize that proper resolution of critical issues concerning 
active tectonics of plate interiors will require a long- 
term commitment because of the very nature of the pro- 
cesses involved. 
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ABSTRACT 

Active faulting is a geologic hazard with a causative relation to earthquakes and associated 
strong ground motion, surface faulting, tectonic deformation, landslides and roekfalls, liquefac- 
tion, tsunamis, and seiches. Plate-tectonic models for the Earth’s crust show that most active 
faults occur near plate boundaries, and research has been concentrated in interplate regions. 
Intraplate regions have less fault activity and represent a potential hazard that only recently has 
been recognized. Faults are delineated by geologic, remote-sensing, seismic reflection, gravity, 
magnetic, and trenching methods. Fault activity is assessed using geologic, geomorphic, geo- 
detic, and seismologic data. Correlations of fault length, displacement, and area with earth- 
quake magnitude are utilized to assess earthquake hazards of faults and form the principal data 
for risk analysis. Estimation of earthquake recurrence rates and characterization of fault behav- 
ior provide additional input data for risk analysis. 

Recent attention has been focused on the character of subduction in the northwestern United 
States. An absence of large seismic events along this convergent zone has led to the speculation 
that the zone is aseismic. Recent studies indicate, however, that if this is true, this zone may be 
unique when compared with other subduction zones of the world, Ongoing studies are trying to 
determine if this region has had large earthquakes in the geologic past. The recent discovery of 
the active geomorphic features along the Meers Fault in Oklahoma has prompted studies of this 
and adjoining regions. 


INTRODUCTION 

The assessment of earthquake hazards involves con- 
sideration of earthquake magnitude, intensity, fre- 
quency, recency of the last event, probability of occur- 
rence, and human experience and values. 

The appraisal of earthquake potential is feasible be- 
cause historical data show a good correlation between 
earthquake size and the fault rupture parameters of 
length, maximum displacement, and fault rupture 


area. Most earthquakes have proportional tectonic ef- 
fects, with earthquakes of below magnitude 6 having 
fault ruptures of up to 10-km length and a few centi- 
meters maximum displacement, but magnitude 8 + 
earthquakes have up to 400-km length and 10 m of dis- 
placement. This relation also can be used for paleoseis- 
micity evaluations to infer from prehistorical evidence 
the potential size of future activity on the same fault 
segments. 

The historical record of worldwide earthquakes 
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shows an excellent spatial correlation with plate-tec- 
tonic movements. Most of the historical or geologically 
young fault ruptures are located on or near boundaries 
between plates and microplates. 

Importance to Society 

Most evaluations of active faults are conducted at or 
near plate boundaries, where consideration of design, 
siting, zoning, communication, and response to earth- 
quake hazards is necessary for all types of major engi- 
neering structures in order to reduce potential loss of 
life, injury, or property damage. The seismic motion or 
deformation effects on facilities such as nuclear genera- 
tors, dams, communication centers, and other lifelines 
is critical because of great potential harm to society. 

The importance of earthquake evaluation in intra- 
plate regions has been recognized recently. In the intra- 
plate region east of the Rocky Mountains, earthquakes 
affect larger areas than in the western United States. 
Although intraplate earthquakes are more infrequent 
and unexpected, the impact of earthquakes on society 
can be greater than is generally perceived because of the 
large affected areas and greater population density in 
the eastern United States. 


Difficulties in Making Evaluations 

The evaluation of faults, particularly assessment of 
their seismic potential, is often difficult because of the 
following factors; poor conditions of surface exposure 
(concealment by bodies of water or young sediments); 
plastic deformation of near-surface materials; transi- 
tional or branching rupture character; detachment, de- 
collement, or listric faulting of shallow materials; con- 
flicting or incomplete geologic, seismologic, or 
geophysical observations; incomplete bases for analysis; 
and basic assumptions about activity or nonactivity of 
faults. These factors have led to smaller, shorter, more 
discontinuous expression of surface faulting parameters 
in almost one-fourth of the historical examples of sur- 
face faulting in North America. 


Approach for Earthquake Evaluation 

Two approaches for earthquake-hazard assessment 
have been used in the United States. The western United 
States is dominated by active-tectonic processes and 
many active faults. Those faults with proper orienta- 
tions or connections to plate boundaries may be active 
and can be evaluated by methods that are discussed in 
this paper. Faults within this region are commonly as- 
sumed to be active unless there are contrary data. 


In the central and eastern United States — in intra- 
plate regions east of the Rocky Mountains — most faults 
are inactive and rarely have the potential for being 
sources of damaging and hazardous earthquakes. 
Earthquakes of these zones may not show characteristics 
typical of active faults, with lower magnitudes (com- 
monly less than 5.75 or 6), and may be assumed to have 
random or “floating” epicenters within a province. 
Man’s structures may need to be designed conservatively 
for the largest historical eai Jiquake of the region or 
province or may be designed conservatively for a higher 
magnitude or intensity. Most faults for such regions are 
commonly assumed, or may appear to be inactive, al- 
though the Meers Fault (Oklahoma) and the scarp at 
Reelfoot Lake (near New Madrid, Missouri) suggest that 
some faults of central United States may be active, and 
deterministic assessments should be used. 

Many different disciplines are used for studying ac- 
tive faults. Some of these are shown in Figure 3.1 in a 
time perspective. 
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FIGURE 3,1 Time relations of different disciplines associated with 
active faulting, (From Kasahurn, 1981.) 
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SEISMOCENIC MODEL 

Earthquakes are generally assumed to be elastic 
waves radiating out from a rupture in the Earth that 
slips suddenly and generally in a brittle manner, Most 
evaluations of the potential for surface faulting and 
earthquakes assume that earthquakes of above magni- 
tude Ms “ 6 are by brittle failure and are represented by 
fault-rupture parameters. This simple rnouel is effective 
for many examples of surface faulting, particularly for 
faults with moderate to steep dips and with good surface 
exposure. The release of energy is a function of fault rup- 
ture parameters and is also affected by the elastic re- 
bound of the strained volume of rock, associated folding 
(King and Stein, 1983; Hill, 1984; Molinari, 1984), de- 
tachment faulting (Hardyman, 1978; Berberian, 1982), 
fault type and attitude (low angle thrust faults), and 
surface exposure. 

HAZARDS RELATED TO FAULTS 

Earthquake and Ground Motion 

Perhaps the best-known hazards of active faulting are 
the destructive effects of earthquake shaking, often 
called "strong ground motion,” Sudden movement 
along a fault or fault zone radiates elastic waves that are 
generally strongest near the causative fault and taper off 
or attenuate away from the fault. Strong ground motion 
is the single largest natural factor in causing earthquake 
damage, including loss of life and property, failure of 
structures, disruption of utilities, and numerous second- 
ary effects such as landsliding and liquefaction. 

The characteristics and intensity of strong ground 
motion at different sites usually varies with a number of 
factors, including earthquake size, attentuation, and lo- 
cal ground response. Variation of strong ground motion 
with distance from a causative fault has been one of the 
most discussed factors, based on many analyses of 
strong-motion records from historical earthquakes and 
various theoretical considerations. Recent studies by 
McGarr (1984) show that the intensity of strong ground 
motion may vary with the type of motion along a fault 
(e.g., reverse motion versus normal motion). Details of 
the geometry of fault zones can have a large influence on 
strong ground motion. Local areas where the fault is not 
so free to slide concentrate stress (Bakun et al., 1980, 
1984; Aki, 1984); when these places are broken and the 
stress is released a large amount of high-frequency en- 
ergy is generated resulting in high-frequency ground 
motion. 

Source directivity, a phenomenon involving the prop- 
agating fault rupture and its relationship with the elas- 


tic waves being radiated, can have a pronounced effect 
on the frequency and amplitudes of the radiating waves 
and should be addressed for sites near the causative fault 
(Singh, 1981). Other factors such as the radiated wave’s 
travel path characteristics (Singh, 1981), topographic 
effects at a site (Davis and West, 1973), and site materi- 
als and geology (Rogers et al ., 1983) can also affect 
strong ground motion. Many siting and design studies 
use a sophisticated approach to strong ground motion 
estimation involving the combined expertise of the seis- 
mologist, the geologist, and the engineer for determinis- 
tic and probabilistic studies. 

The effect of strong ground motion is incorporated 
into building codes and may influence zoning (Berg, 
1983). Geotechnical studies of soils as well as geologic 
and seismologic fault studies are vital to this ground mo- 
tion potential assessment. 

Surface Rupture 

One of the most direct hazards (effects) of active 
faulting is displacement or offset at the foundation of a 
structure (Swiger, 1978). Ruptures can occur suddenly 
during earthquakes or slowly or gradually by creep. 
Three main types of fault movements associated with a 
faulting event are primary, secondary, and sympathetic 
movements, A primary rupture occurs along the main 
fault responsible for the earthquake and can be esti- 
mated from observations and regression analyses (Slem- 
mons, 1982b; Bonilla et al., 1984) of historical earth- 
quakes and fault displacement. These are commonly 
based on rupture length or maximum displacement; ac- 
tu al observed effects can be reduced by drag and distrib- 
uted rupture, plastic failure, detachment, and other 
causes. 

The construction of some brittle structures may not 
tolerate even small fault rupturing. The proposed Au- 
burn Dam in California was in advanced stages of site 
preparation when the possibility of fault displacement 
of about 15 cm in the foundation was estimated by 
Woodward-Clyde Consultants (1977). The consultants 
and a special review panel essentially concurred that, 
although the recurrence interval was very long, the 
maximum expected ground displacement of about 15 
cm could occur with an associated earthquake of magni- 
tude 6.5. The concrete double arch dam could not 
accommodate this large a foundation displacement, 
and the proposed dam was abandoned as inappropriate 
for the site even though $200 million was spent for site 
preparation. 

Secondary ruptures are those that occur along branch 
faults and other faults subordinate to the principal fault 
trace. These faults locally accommodate deformation 
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from the main fault and generally have lesser displace- 
ments. Bonilla (1970) showed that secondary rupture 
displacements decrease with increasing distance from 
the fault. 

Sympathetic offsets occur when strain release along 
the main fault or vibratory ground motion disturbs the 
state of stress of another fault, causing it to undergo dis- 
placement. During the 1968 Borrego Mountain earth- 
quake, sympathetic displacement occurred on three 
faults, the Imperial, Superstition Hills, and San An- 
dreas. Investigations by Allen et al. (1972) reported 
sympathetic offsets of 1- to 2.5-cm right-lateral dis- 
placement and that the longest of these ruptures was 30 
km long and 50 km from the epicenter. 

Surface displacement can occur gradually in areas of 
tectonic creep and nontectonic fluid withdrawal. In 
California, several faults are undergoing tectonic creep, 
with a maximum reported creep of 3.2 cm/yr along the 
San Andreas Fault in San Benito County (Burford and 
Harsh, 1980). 

Tectonic Deformation 

Tectonic deformation refers to areal or regional de- 
formation that may or may not be associated with mod- 
erate or large earthquakes. Dramatic effects of tectonic 
deformation have been noted by observing the vertical 
displacement and tilting of shorelines during the 1964 
Alaskan earthquake, which shows evidence of land 
movement relative to sea level, An area of south central 
Alaska, of probably over 110,000 mi 2 of land and sea 
bottom, was affected by warping, horizontal distortion, 
and faulting (Plafker, 1972). The upper growth limit of 
barnacles showed a maximum of 37.8 feet of vertical 
displacement when the pre-earthquake and post- 
earthquake shorelines at Montague Island were com- 
pared (Plafker, 1972). In the Kodiak Islands, a maxi- 
mum subsidence of 6.3 feet of the shoreline was re- 
corded (Plafker, 1972). Plafker commented, “Regional 
uplift and subsidence occurred mainly in two nearly 
parallel elongate zones, together about 600 miles long 
and as much as 250 miles wide, that lie along the conti- 
nental margin.” Earth movements, detected by geo- 
detic measurements, were recorded after the 1971 San 
Fernando, California, earthquake (Mi, = 6.5). These 
measurements showed the mountains to the northeast of 
the causative fault shifted upward as much as 2 m and 
horizontally as much as 2 m (Savage et al . , 1975) . 

Folds and large crustal uplifts and tilts have generally 
been assumed to be aseismic and to represent gradual 
plastic failure. Recent activity at Coalinga, California, 
has shown that this, however, is not always the case. 
The damaging 1983 Coalinga earthquake (Ms = 6.6) 


occurred in an area where active faults and large-mag- 
nitude earthquakes were previously unrecognized. Post- 
earthquake investigations concluded that no surficial 
faulting accompanied the earthquake (Clark et al., 
1984). Studies by King and Stein (1983) showed that up- 
lifted Holocene terraces on the main fold associated 
with the earthquake could be identified and are consis- 
tent with the regional deformation accompanying the 
earthquake (Stein, 1983). Other earthquakes that were 
associated with folding and compressions! regimes are 
the 1978 Tabas-e-Golshan, Iran, earthquake (Ms = 
7.5) and the 1980 El Asnam, Algeria, earthquake (M$ = 
7.25). 

The relationships recognized at Coalinga have led to 
a re-examination of major folds of the California Coast 
andTransverse Ranges and adjustment of seismic design 
of nearby major engineering structures. Yeats (1982) 
suggested that surface faults along anticlines may be 
weakly seismic or low-shake faults. These faults, also 
called flexural-slip faults, are thought to be related to 
the folding structure, with displacement occurring 
along bedding planes of the units being folded (see 
Yeats, Chapter 4, this volume). Hill (1984) suggested 
that some of the Coalinga earthquakes may be related to 
flexural-slip events. Late Quaternary fault scarps are as- 
sociated with the Toppenish anticline of the Yakima 
fold belt in Washington (Campbell and Bentley, 1981), 
but whether these are seismogenic has not been re- 
solved. 

Criteria for discriminating between seismogenic and 
aseismic geologic structures have yet to be developed for 
evaluating folds or areas actively undergoing tectonic 
deformation. Resolution of these issues is important for 
seismic evaluation of many engineering structures in 
areas with Late Cenozoic folding, Tectonic tilting or 
warping must also be considered for level or gradient- 
sensitive structures, such as aqueducts in Owens Valley 
and also on the western edge of the San Joaquin Valley. 

Secondary Effects 

Secondary effects associated with earthquakes in- 
clude landslides and rockfalls, liquefaction, seiches, and 
tsunamis. These effects can cause severe and widespread 
damage; although the effects may be severest in the epi- 
central region, they may extend out to distances of as 
much as 1000 km. Landslides are often induced by 
earthquake shaking. The scale of these features can vary 
from slides a few meters long to slides kilometers in 
length. Duringthe 1976 Guatemalan earthquake (M s = 
7.5) over 10,000 landslides were generated in an area of 
16,000 km 2 (Harp et al . , 1981) . One of the most notable 
slides occurred in Peru in 1970, where a large, seismi- 
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cally induced landslide originating 130 km from the 
earthquake claimed at least 18,000 and possibly as many 
as 25,000 lives (Gere and Shah, 1984). Splashes or waves 
caused by landslides may also have extensive effects; the 
1958 earthquake induced a landslide into Lituya Bay, 
which caused a giant wave reaching 1720 ft above sea 
level (Miller, 1960). 

Liquefaction is a phenomenon in which near-surface 
water-saturated sediments are shaken, lowering their 
rigid strength and behaving as a semiliquid material. 
Structures such as buildings and pipelines built on 
ground that liquifies can tilt or sink or may be moved as 
the ground flows. This phenomenon has been noted in 
many earthquakes including classic effects of large 
apartment houses tilting in Niigata, Japan, during the 
June 1964 earthquake and spectacular effects during the 
March 1964 earthquake at Turnagain Heights and 
Valdez Harbor, Alaska. Liquefaction effects can be pre- 
dicted in a gross way using simple linear diagrams 
(Youd, 1978) or more precisely with sophisticated com- 
puter models for specific sites (Youd et al, , 1978) . 

A seiche is a wave set up in a body of water in response 
to earthquake waves and also can occur great distances 
from the earthquake source. The danger of seiche is tem- 
porary flooding of areas near lakes and reservoirs and 
overtopping of dams, During the 1954 Dixie Valley- 
Fairview Park, Nevada, earthquakes, a seiche was set 
up in a covered water reservoir in Sacramento, Califor- 
nia, 300 km away, damaging support pillars, concrete 
walls, and gunite panels (Steinbugge and Moran, 1957). 

Large ocean waves created by uplift or downdrop- 
ping of the seafloor during an earthquake are called tsu- 
namis. Tsunamis can move hundreds of kilometers per 
hour and destroy facilities and structures along the 
coast, thousands of kilometers from the earthquake. 
Warnings are issued when there is a large earthquake in 
oceanic areas, which allows coastal residents to go to 
safety on higher ground until the tsunami danger has 
passed. 

Detailed observations and investigations of secondary 
effects have led to the understanding, prediction, and 
mitigation of these effects in many areas. Today, sec- 
ondary effects can often be identified and risks assessed 
thanks to geologic, geophysical, and engineering labo- 
ratory and field studies. 

TECTONIC SETTING 

Plate-Tectonic Relationships 

Plate-tectonic concepts are accepted by most earth 
scientists as a working model of the crustal behavior of 
the Earth. This model suggests that the Earth’s surface is 


composed of several large plates and numerous smaller 
plates that are slowly moving and rotating with respect 
to each other. Since this behavior is dynamic, faulting, 
earthquake activity, and rates of fault slip and folding 
are closely related to the rate of movement between 
plates. Most seismic activity occurs along plate bounda- 
ries, areas known as interplate areas. Intraplate areas 
are areas within plates and have less seismic activity and 
lower rates of tectonic activity than interplate areas. 
Closer inspection of interplate regions reveals smaller 
“microplate” tectonic domains characterized by a par- 
ticular faulting style, such as the Basin and Range prov- 
ince in the western United States. 

Interplate Regions 

These regions have many active faults with a poten- 
tial for future displacements and associated earthquake 
activity. The methods described in this chapter are espe- 
cially appropriate for many faults in these regions. 
There is a great range in rates of fault activity with re- 
currence intervals that range from decades to hundreds 
of thousand years. Additionally, the plate and micro- 
plate boundaries vary from sharp and narrow to broad 
(“soft”) zones that may extend hundreds to thousands of 
kilometers from the main boundary, including most of 
the western United States, although there are “islands" 
of inactive subplates within this region and variations in 
rate of activity within active provinces. Wallace and 
Whitney (1984) described an example of variable rates 
of tectonic activity within the Great Basin province. 
Complete evaluations of a fault are needed to assess the 
following characteristics: seismogenic character, seg- 
mentation, recurrence interval and slip rate, recency of 
fault activity, and the relation to the site or area being 
evaluated. 

The maximum magnitude of earthquakes varies with 
seismotectonic province or fault and includes a range in 
values for each type of plate boundary. The maximum 
historical values include M w (moment magnitude) val- 
ues of over 9 for some subduction zones, Ms (surface 
wave) magnitudes of up to about 8.3 for strike-slip 
faults, and Af s magnitudes of up to about 7.5 or 8 for 
extensional zones. 

Intraplate Regions 

Seismic hazard evaluation of intraplate regions has 
evolved rapidly in the last few years, although processes 
will become more refined and better understood. Rates 
of activity are generally orders of magnitude lower 
within intraplate areas as compared with interplate 
areas. The low rates of faulting and warping and sub- 
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dued geomorphic expression of deformation may be due 
to broad basinal or domal uplift. These lower tectonic 
rates are generally accompanied by less earthquake ac- 
tivity than for interplate regions, In general this has 
caused more focus and awareness of earthquake hazard 
in interplate regions and less concern in the intraplate 
regions. An excellent summary of intraplate seismicity 
(and other intraplate tectonism) is given by Sykes 
(1978), who noted that intraplate seismicity appears to 
be localized along pre-existing zones of crustal weak- 
ness. Seismicity in the eastern United Slates within the 
North American plate exemplifies this concept. 

Seismic activity in the New Madrid area, where the 
large earthquakes of 181 1 and 1812 occurred, appears to 
be localized along a pre-existing rift, structure in the con- 
tinent (Sykes, 1978), Although at the time the rift was 
formed the continent was under extension in that re- 
gion, recent activity appears to be related to compres- 
sion. This change in stress regime shows how a pre-exist- 
ing structure (e.g., rift) can be reactivated in later, 
different strain episodes. The crustal weakness appears 
to be the locus of earthquake-related strain release, The 
1886 Charleston earthquake was located in a Paleozoic 
orogenic belt, an inactive or relic interplate region on 
the eastern edge of the continent. Low seismicity and 
cover of young sediments has not allowed the tectonics 
and source zones of the Charleston earthquake to be un- 
derstood as well as in the New Madrid area. 

The Meers Fault of Oklahoma is another example of 
reactivation of an ancient geologic structure. The Meers 
Fault, a segment of the Frontal Fault zone, was formed 
about 500 m.y. ago as. part of the southern Oklahoma 
rift. During a later orogeny it underwent extensive com- 
pressional (reverse) as well as left-lateral displacement, 
Studies of the Meers Fault show that the fault is cur- 
rently active and has a dominant lateral component 
(Ramelli and Slemmons, 1985; Slemmons ef ah, 1985). 

The potential size of intraplate earthquakes, al- 
though they are infrequent, is great. The New Madrid, 
Missouri, earthquakes of 1811 and 1812 are estimated to 
have M s magnitudes of over 8; the Charleston, South 
Carolina, earthquake of 1886 was about M s = 7. The 
recently discovered Meers Fault has characteristic fea- 
tures that suggest Ms - 6.5 to 7.5 earthquakes in the late 
Quaternary (Slemmons etal., 1985). 

IDENTIFICATION AND DELINEATION OF 

ACTIVE FAULTS 

Geologic Methods 

Many active faults are poorly delineated on most pre- 
1950 geologic, structural, or tectonic maps. These com- 


monly emphasize ancient and inactive tectonic features 
rather than neotectonic structures. Recognition and de- 
tailed mapping of historical and Quaternary faults in 
many zones of neotectonic activity, particularly at or 
near plate boundaries, have led to recent improvements 
in the delineation of active faults. In addition, the possi- 
ble reactivation of intraplate faults such as the Meers 
Fault has emphasized the need to re-examine other 
faults and folds in central and eastern United States. 

Remote-Sensing Methods 

Remote-sensing methods can be effective in detect- 
ing, delineating, and describing the character of active 
faults and neotectonic features. The most effective 
methods accentuate fault scarps by employing imaging 
techniques using special illumination angles, wave- 
lengths, or stereographic effects. Some of the methods 
for earthquake- hazard analysis are summarized by 
Glass and Slemmons (1978), but newer equipment and 
methods and rapid developments in analytical tech- 
niques require continued adaptation of many of these 
concepts. Examples of instrumental and structural anal- 
ysis are in Williams (1983) in the section on geological 
applications, and for applications in nuclear power- 
plant site investigations in McEldowney and Fascucci 
(1979). 

Low Sun angle and radar imagery methods are espe- 
cially effective in detecting and delineating active faults 
and folds. Special low-Sun angle photography of faults 
can have the advantages of relatively low cost and ap- 
propriate scale and optimum shadowing or highlighting 
of scarps by selection of solar azimuth and altitude. 
Since this is the most effective single method of assess- 
ment of active faults, it is one of the most widely used 
methods for aerial photography and reconnaissance 
(Glass and Slemmons, 1978). Radar imagery of some 
areas is available at much higher cost and on smaller 
scales, may have the advantages of some ground pene- 
tration in arid regions, and can be taken at any azimuth, 
time of day or night, and in cloud or fog cover. 

Recent studies using ground penetrating radar for 
fault trace identification have been very successful. 
Black et al. (1983) studied an area along the San Andreas 
Fault zone that has been extensively trenched and found 
good correlation of the ground penetrating radar re- 
cords and the trench logs. Bilham and Seeber (1985) 
used subsurface radar profiling to detect colluvial 
wedges associated with former movements along the 
Lost River Fault and wide zones of faulting along the 
San Andreas Fault: system. As this method is refined it 
will become an even more powerful method of fault de- 
tection and delineation. 
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Geophysical Methods 

Observations of seismicity can sometimes help to de- 
lineate active faults. Persistent alignments of seismicity, 
especially at the ends of identified faults, can occasion- 
ally be considered seismic sources or seismogenic exten- 
sions of a fault. Many active faults have associated seis- 
micity, including the Calaveras, Hayward, and central 
San Andreas Fault zones of central California, which, 
however, may only indicate the creeping segments of 
thesefaults. Other sections of the San Andreas Faultsys- 
tem that are not currently creeping are not clearly delin- 
eated by small earthquakes. Areas of relatively high seis- 
micity may warrant examination for active faults. 

In the eastern United States, alignments of high seis- 
micity such as near New Madrid are associated active 
subsurface faults. Other major basement faults are asso- 
ciated with seismicity and may be active (Gordon, 
1985); these also could be examined. 

Seismic reflection techniques can help to delineate 
subsurface faults in sedimentary basins, both on land 
and beneath lakes and oceans. These techniques are 
used for recent fault detection and delineation studies, 
particularly in offshore California (Greene ct al. , 1973) 
and along the central California coastal margin near the 
Hosgri Fault (Crouch et al., 1984) near Point Concep- 
tion (Pipkin and Ploessel, 1985), and in the offshore zone 
of deformation between the Inglewood Fault and Rose 
Canyon Fault (San Diego). Seismic reflection profiling 
by the Consortium for Continental Reflection Profiling 
(COCORP) has revealed the down-dip nature of many 
faults and a major detachment surface under the Sevier 
Desert of Utah (Allmendinger et al., 1983) . 

Gravity methods are most effective for studying fault 
zones where a strong density contrast exists between ma- 
terials on either side of the fault. This situation occurs 
along faults where basement rocks are displaced against 
sediments or fault offsets in basins where the thickness of 
sediment differs across the fault. These methods are es- 
pecially effective for regions of extensional faulting. Zo- 
back (1983) used gravity techniques to delineate the ge- 
ometry of range bounding normal faults in the Basin 
and Range province along the Wasatch Fault zone in 
Utah. 

Application of surface magnetic and aeromagnetic 
survey methods for evaluation of active faults is dis- 
cussed by Cluff et al. (1972), Krinitzsky (1974), and 
Sherard et al. (1974). These methods can be used to de- 
tect and delineate faults concealed by recent sediments 
and provide a relatively inexpensive method of contour- 
ing the thickness of basin fill. Smith (1967) located intra- 
basin, largely concealed, major fault grabens within the 
Dixie Valley graben using aeromagnetic methods. Some 


of these graben boundary faults were also accurately de- 
lineated by the faulting of the 1954 Dixie Valley earth- 
quake. Smith provided a detailed outline for applying 
magnetic methods to the Basin and Range province with 
normal- and oblique-slip faults. 

Bailey (1974) used a magnetometer to determine the 
surface fault location of the Chabot Fault, California, 
where anomalous drops in magnetism suggested loca- 
tions of fracturing and subsequent leaching related to 
faulting. The eastern limit of the Chabot Fault zone was 
identified so that buildings could be si led to avoid poten- 
tial surface rupture. Similar applications may be useful 
in defining active faults that are concealed by young al- 
luvium or bodies of water. 

Exploratory Methods 

Exploratory methods for fault assessment advocated 
by Louderback (1950) were little used until the late 
1960s when they assumed an important role in fault 
evaluations to assess such features as for activity, age 
dating, paleorupture and liquefaction events, slip direc- 
tion, recurrence intervals, and slip rates. An adequate 
exploratory trenching and borehole program is critical 
in evaluation of active faults and is a major part of both 
domestic and foreign assessments. Specific applications 
to fault assessment are included in Taylor and Cluff 
(1973). The use of trenching as an exploratory method 
for nuclear power plant siting is discussed in Hatheway 
and Leighton (1979), 

DETERMINATION OF FAULT ACTIVITY 

Definition of Activity 

Before 1950, most geologists did not distinguish be- 
tween inactive faults and those with a potential for re- 
newed displacements and associated earthquake activ- 
ity, yet this is a critical part of man’s planning and 
design, Slemmons (19S2a) listed over 30 definitions for 
“active” or “capable” faults of which only three were 
made before 1950. No definition for active faults is uni- 
versally accepted, although two elements are present in 
most definitions: (1) the potential or probability of fu- 
ture displacements in the present tectonic setting and (2) 
the time of most recent displacement (e.g,, historical, 
Holocene, Quaternary, or “in the present seismotec- 
tonic regime") , The first element, potential, is critical to 
all assessments for larger earthquakes; the second, re- 
cency, relates indirectly to rate of activity, which pro- 
vides a more quantitative measure of degree of fault ac- 
tivity. Fault activity can also be classified by fault slip 
rate. Figure 3. 2 shows the general relationships between 
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three factors: (1) the time since the last event or recur- 
rence interval, (2) the surface wave magnitude, and (3) 
fault slip rate. This figure also shows the general gco- 
morphic expression for each interval of fault slip rates, 
although such factors as climate, time since the last 
event, variations in fault slip rate, or noncharacteristic 
activity can affect the landforms. Cluff and Gluff (1984) 
noted that the common current use of “active” and “in- 
active" can be a scientific oversimplification that may 
lead to improper siting or design of engineered struc- 
tures. Use of quantitative measures for degree of activ- 
ity, such as fault slip rate and recurrence interval with 
probabilities and variance, can lead to deterministic 
values providing meaningful numbers for analysis by 
probabilistic methods. 

Geologic Indicators 

One of the most convincing arguments or evidence of 
fault activity is the cross-cutting or non-cross-cutting re- 
lationship with a datable unit. If Holocene activity is the 
criterion for activity, then a Holocene age unit crossing 
the fault could be an ideal location for a trench site. If 
the unit is offset, then the age of the unit and the amount 
of offset can be used to estimate a slip rate and a recur- 
rence interval if the nature of characteristic earthquake 
is known, A wide variety of types of Holocene deposits 
have been used for evaluation of fault activity, most 
commonly alluvial and volcanic deposits. Deposits are 
dated by carbon- 14 radiometric methods, tephro- 
chronology, soil development, fossil stratigraphy, and 
many other techniques. Pierce (Chapter 13, this vol- 
ume) presents a good summary and review of Quater- 


nary dating methods, Exposures of faulted units may be 
found in stream cuts and landslide scars or in road cuts 
or other man-made excavations. To prove whether a 
fault or strand of a fault system is active, a trench may be 
dug at the proposed site and the geologic units and soils 
inspected for faults. If no demonstrated fault activity 
has taken place in those geologic units within the defined 
“active” fault period, the proposed structure can be con- 
sidered reasonably safe from damage from surface 
faulting. 

The structural aspects of young geologic units adj acent 
to faults may also provide information about activity of a 
fault. Adjacent units may be brecciated and shattered, 
have open fissures, be tilted or warped, or have secondary 
effects of faulting and liquefaction effects (e. g. , sand boils 
and sand dikes). In a detailed study of a fault, the youth- 
ful geologic units should be described, delineated, and 
inspected for evidence of young faulting, 

Geomorphic Indicators 

The freshness of appearance and type of geomorphic 
expression of faults is related to the age of faulting (Mat- 
suda, 1975; Slemmoris, 1977, 1982a; Wallace, 1977, 
1978) . Geomorphic investigations into faulting are rela- 
tively easy and can yield considerable information, 
Many landforms such as depressions and sag ponds, 
open rifts, and prominent high-angle scarps suggest 
youthfulness and further help to identify the active 
traces or strands of faults zones (Figure 3.3) , 

A geomorphic investigation begins with examination 
of aerial photographs or an aerial reconnaissance. Over- 
view of the geomorphology allows delineation of key lo- 


FICUHE 3,2 Delation bel ween time or re- 
currence interval between earthquakes, 
earthquake magnitude, nnd slip rule across 
the fault zone. This chart assumes that most of 
the energy is released by sdstnogenic rather 
tli-ii, astlsmie activity and that the average 
displacement is one half tile maximum. 
[Modified from Mntstidu (1975) nnd Slum- 
mons (1977),] 
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FIGURE 3,3 Geomorphic features related to 
uctive faulting. 


cations for ground investigations. Low-Sun-angle tech- 
niques for reconnaissance or photography have been 
extremely useful in detecting subtle geomorphic fea- 
tures that would have otherwise been missed (Glass and 
Slemmons, 1978), such as in cities where geomorphic 
expression of scarps may have been smoothed out or al- 
tered, but general elevation differences sti.ll exist, 

Key areas found through geomorphic investigation 
are often used as sites for further geologic investigations 
as exploratory trenching, Geomorphic investigations 
form a large part of the data base used in paleoseismic 
investigations. Freshness and continuity of geomorphic 
expression in space strongly suggest a surface rupture 
created during one event or over multiple events closely 
spaced in time. 

Recently there have been numerous efforts to quan- 
tify the degree of degradation of fault scarps relative to 
age (see Chapters 7, 8, and 12, this volume). 

C codetic Indicators 

Recognition of activity alongsome faults is possible by 
repeated geodetic surveys. Geodetic methods are capa- 
ble of detecting and measuring tectonic strain of regions 
or across active faults. Reduction of the geodetic data 
permits determination of rate and direction of ground 
movement. The data provide another measure of fault 
displacement, both seismic or aseismic, and can assist in 
locating active branch faults or focus on areas of current 
movement within complex zones of faulting. Sylvester 


(Chapter 11, this volume) presents several methods of 
near-field geodetics including level lines, alignment sur- 
veys, trilateration, triangulation, and creepmeters. Re- 
gional geodetic leveling and trilateration surveys are 
made to monitor regional strain accumulation and re- 
lease (Prescott et al., 1979; Vanicek et al., 1980). 

Advances using satellite geodesy, e,g., the Navstar 
Global Positioning System (GPS), offer surveying tech- 
niques with a precision superior to classic surveying at 
one- twentieth the cost (Kerr, 1985). 

Seismologic Indicators 

Detailed studies of earthquake epicentral and hypo- 
central distributions of many fault zones can indicate the 
activity, continuity, location, dip and strike, seismogenic 
depth, and possible stress regime of the fault zone. How- 
ever, this is often a difficult task. The quality of seismic 
data must be scrutinized and understood. The best-qual- 
ity data come from dense seismometer networks that are 
limited to a few areas and are often temporary. Quarry 
blasts and possible geothermal, volcanic, and reservoir- 
induced seismicity must be separated from fault-related 
seismicity and can be analyzed as an additional s'ismic 
hazard, The remainder may be a well-defined zone of 
activity or a diffuse pattern of distributed activity. Weil- 
defined zones of activity are common in aftershock areas 
and along creeping sections of faults. Diffuse patterns are 
harder to interpret but at least indicate that some strain is 
taking place in the area. A diffuse pattern of historical 
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seismicity suggests a maximum historic earthquake (for 
the area including the fault) and warrants further investi- 
gation of faulting in the area. 

Earthquake activity along a fault zone clearly indi- 
cates that the fault zone is active at least at seismogenic 
depths, However, the type of activity needs to be evalu- 
ated to assess the hazard and risk. A fault that slips uscis- 
mically represents a different type of risk than a fault 
that slips with large rupture events. Adjoining sections 
of the same fault may behave differently und, for exam- 
ple, the San Andreas Fault between Parkfield and San 
Juan Bautista appears to be characterized by creep and 
frequent lower magnitude (less than 6) earthquakes, 
whereus the adjoining section to the south lias abrupt 
brittle failures, about 150-yr recurrence intervals, and 
up to magnitude 8.3 earthquakes. 

Rates of Activity 

Hates of activity may be learned from the study of 
geomorphic features (Mutsuda, 1975); faults with high 
slip rate have abundant and well-developed landfonns 
and steep scarps (Wallace, 1977; Hanks et ah, 1984; 
Chapters 7, 12, und 14, this volume). The interrelation- 
ships of time between characteristic earthquakes (the re- 
currence interval), fault slip rate, and earthquake mag- 
nitude are shown in Figure 3.2. Slip rates presented in 
this figure are based on average displacement, which is 
more likely to be measured during field studies, rather 
than maximum displacement. We have assumed that 
the average displacement is one-half the maximum 
displacement, 

EARTHQUAKE SIZE AND ACTIVE FAULT 

PARAMETERS 

Earthquake Magnitudes and Moment Magnitude 

Earthquake magnitude scales arc one of the most im- 
portant earthquake size source parameters used today in 
seismology and active-tectonic studies. Magnitude 
scales have different forms such as local magnitude 
(Mi), surface- wave magnitude (A/s), body-wave mag- 
nitude (A/j,), and coda-duration magnitude (A/ r ) (Kana- 
mori, 1977; Bath, 1981; Chung and Bernreuter, 1981), 
These different forms were originally created to accom- 
modate different kinds of seismic networks (e.g., near 
field versus far field) in the magnitude determination of 
earthquakes. One of the principal differences between 
the magnitude scales is the period of the wave measured. 
This difference of measured frequency arises from the 
variety of instrument responses of seismometers used 
and the changing frequency spectrum of the waves 


reaching seismometers at various distances from the 
earthquake sources. The local mugnitude scale was in- 
troduced by C. F. Richter for earthquakes in southern 
California with epicentral distances of 600 km or less 
and r "ttl depths of 15 km or less. Both M ti and A//, are 
de' mod from the amplitude of waves with a period 
of ^ut 1 sec, and the values of these magnitudes are 
thought to saturate at about magnitude 7.25 (Chung 
and Bernreuter, 1981), Thus, as the rupture gets larger 
in area from that of a mugnitude 7,25 earthquake, the 
values of A//, and M i, increase very little and do not rep- 
resent the entire energy released from the earthquake. 

The surface wave magnitude is suitable for global dis- 
tances and is measured at periods near 20 sec. The Ms 
scale saturates at about magnitude 8.6 (Chung and 
Bernreuter, 1981). 

Another useful seismic estimate of earthquake size, 
the sebmic moment (A/«), is defined as the product of the 
rupture area (A), the average displacement of the mp- 
ture (D), and the shear modulus (ft) along the rupture 
(Brune, 1968), 

A/[j - gAD, 

Hanks and Kunamori (1979) developed a moment mag- 
nitude scale (A/„.) based on seismic moment, where 

AJ„. = 2/3 log A/ 0 - 10.7. 

The moment magnitude is an important scale because it 
relates directly with the physical properties of the rup- 
ture and does not, by definition, saturate. 

Earthquake size is one of the most important factors 
in seismic-hazard analysis and can be estimated using 
specific fault parameters. When using magnitude data, 
it is important to understand the characteristics of the 
scale being used, such as saturation, and to understand 
the quality or range in errors and uncertainties of the 
data used for the magnitude estimate. 

Fault Rupture Parameters and Earthquake Size 

Tocher (1958) recognized that there was a good rela- 
tionship in large historical earthquakes between size or 
magnitude and the logarithmic parameters of total sur- 
face rupture length, maximum displacement, or length 
times maximum displacement. Subsequent reports by 
Iida (1959, 1965), Bonilla (1967, 1970), and Bonilla and 
Buchanan (1970) refined the original linear regressions. 
Bonilla with his colleagues (Bonilla and Buchanan, 
1970; Mark, 1977; Mark and Bonilla, 1977) and Slcm- 
mons (1977) added new data points and rejected poor 
data, improved magnitude values and statistical prac- 
tices, and scrutinized the quality of field measurements 
of faulting parameters. More compatible linear regres- 
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sions with lower standard deviations and better fit were 
obtained by Slenimons (1982b) and using more sophisti- 
cated magnitude values and statistical methods by 
Bonilla ct al, (1984). Where there is good field expres- 
sion of the length and/or maximum displacement from 
geoniorphic expression of fault scarps, or where these 
parameters can be measured from soil-stratigraphic re- 
lations, it is possible to infer the approximate magnitude 
of paleoseismic events. These correlations between fault 
parameters and earthquake magnitude have been made 
for siting and engineering design of vital structures in 
many parts of the world for diverse tectonic settings, 
including extensional areas such as the Basin and Range 
province (Wallace, 1977, 1978; Cluff et al , , 1980; 
Schwartz and Coppersmith, 1984) and regions of strike- 
slip faulting (Sieh, 1984; Sieh and Jahns, 1984) and for 
thrust faulting in regions with compressional tectonics 
(Woodward-Clyde Consultants, 1984), An application 
to intraplate locations is shown by the left-oblique fault- 
ing of the Meers Fault zone in Oklahoma. There a 26- to 
38-km-long fault scarp can be mapped. Using correla- 
tions of length to M s magnitude, the scarp can be in- 
ferred to have formed during prehistoric earthquakes of 
between 6.5 to 7.5 magnitude (Slemmons et al., 1985). 
This paleoseismic evidence is especially important since 
no historical earthquakes have been recorded in the 
area. Elsewhere in this zone a general alignment of epi- 
centers of small earthquakes has been noted (Gordon, 
1985). 

In summary, active fault parameters such as length 
and displacement can be used to estimate earthquake 
magnitudes through the regression formula presented 
by Slemmons (1982b) or Bonilla et al, (1984), and the 
parameters can be used directly in a moment magnitude 
calculation. An example of these correlations is shown in 
Figure 3.4. 

Segmentation 

The segmentation of fault systems involves the identi- 
fication of individual fault segments that appear to have 
continuity, character, and orientation; these suggest 
that a segment will rupture as a unit (Slemmons, 
1982b). Individual fault segments have different char- 
acteristics relative to adjacentsegments or are separated 
from adjacentsegments by identifiable discontinuities. 

Figure 3.5 illustrates the concept that fault zones rup- 
ture in segments with an example from Turkey. During 
the period 1939 to 1967, the North Anatolian Fault sys- 
tem ruptured as segments and not as a single through- 
going event. 

The delineation of segments involves the identifica- 
tion of discontinuities in the fault system. Discontinui- 



I''IGUHE3.4 Relationship between turtliquukc magnitude (A/s) and 
maximum displaaciTiunt for strike-slip faults. (From Slemmons, 
1982b.) 


ties can be divided into two categories, geometric and 
inhomogeneous; these categories are borrowed from 
seismologists who have used these terms for asperities 
and barriers (Aki, 1984). Examples of geometric discon- 
tinuities include fault intersections, such as branch 
faults or cross-fault terminations; fault-zone features, 
such as en echelon segments, separations, and changes 
in attitude; and fault terminations. Inhomogeneous dis- 
continuities include variations in fault width, local 
stress regimes, and rates of displacement. 

Segall and Pollard (1980), acknowledging that fault 
traces consist of numerous discrete segments, have de- 
veloped a two-dimensional mathematical solution for 
nonintersecting cracks. Their solution describes the me- 
chanical behavior of left-stepping versus right-stepping 
en echelon cracks in a right lateral stress regime. Segall 
and Pollard state, “for right lateral shear and left-step- 
ping cracks, normal tractions on the overlapping crack 
ends increase and inhibit frictional sliding, whereas for 
right-stepping cracks, normal tractions decrease and fa- 
cilitate sliding.” Bakun et al. (1980) studied the seismic- 
ity and behavior of the San Andreas Fault zone in cen- 
tral California where strain release is characterized by 
creep and moderate earthquakes. In their analysis, they 
modeled fault segments in an en echelon fashion (Figure 
3.6). Behavior of these segments was as would be pre- 



56 


D. BURTON SLEMMONS and CRAIG M. DEPOLO 



dieted by Segall and Pollard's model, strengthening the 
idea that fault systems behave in a segmented manner. 
If the discontinuities are large enough, segmentation 
of a fault system may be intuitively easy (e.g., a 10-km 
en echelon step appears to be a substantial discontinuity 
with a good chance of stopping a rupture). In less clear 
cases of discontinuities, several lines of geologic, seismo- 
logic, and geometric evidence must be gathered to sug- 
gest or substantiate the existence of the discontinuity. 
An understanding and delineation of the entire earth- 
quake history of a fault can be used as relatively strong 
evidence of segmentation. Once convinced that a partic- 
ular segmentation is reasonable, various approaches in- 
cluding correlation with faulting parameters can be 
used to estimate earthquake magnitudes. Schwartz and 
Coppersmith (1984; Chapter 14, this volume) suggested 
examples of fault zones for which the segmentation 
model may be applicable. 

EARTHQUAKE RECURRENCE ESTIMATION 
R ecu rren ce M odeh 

Earthquake recurrence intervals can '’ary markedly 
from fault to fault. Historical seismicity of the Parkfield 
segment of the San Andreas Fault system suggests a re- 
currence rate of 21 ± 4 yr (Bakun and McEviUy, 1984), 


whereas soils and trenching data suggest to Machette 
(1978) that the County Dump Fault in New Mexico has 
a recurrence interval of 90,000 to 190,000 yr. As pointed 
out by Wallace (1970) and Schwartz and Coppersmith 
(1984; Chapter 14, this volume), the slip rate of a fault 
directly affects recurrence rates. 

Various models have been used to explain earthquake 
recurrence, including the time-predictable (Shimazaki 
and Nakata, 1980; Bufe et al,, 1977), slip-predictable 
(Shimazaki and Nakata, 1980), and the periodical 
model (Bakun and McEviUy, 1984). 

Recurrence Data 

Wallace (1970) discussed recurrence for the San An- 
dreas Fault. Subsequent refinements in dating, explor- 
atory trenching, gcomorphic expression, and low-Sun- 
angle aerial reconnaissance or photography have 
greatly expanded knowledge of faulting recurrence, pa- 
leoseismicity, and scarp morphologic change. These 
new methods are critical to active fault evaluations and 
timing and probability analyses. 

Studies determining paleoseismic history have been 
conducted recently at Pallett Creek (Sieh, 1984) and 
Wallace Creek (Sieh and Jahns, 1984) and at Cajon Pass 
(Weldon and Sieh, 1985) along the San Andreas Fault 
zone. Cross-cutting relationships and radiocarbon dates 
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limit the ages of the prehistoric ruptures, and can be 
used to determine a local recurrence interval and slip 
rate for the fault. Although the 1886 Charleston earth- 
quakes apparently did not rupture the ground surface, 
preventing a direct analysis of recurrence rate, studies of 
liquefaction-related sand blows in the Charleston area 
by Obermeier et al. (1985) suggest at least two prehis- 
toric events occurred that may be used to establish the 
recurrence interval of large earthquakes for the area, 
Thatcher (1984) noted examples in which geodetic mea- 
surements may also lead to recurrence estimates. 

Seismic Gaps 

Mogi (1979) pointed out that ihe term “seismic gap" 
has been used to describe two different phenomena. 
Mogi termed a seismic gap of the first kind as a gap in the 
spatial distribution of rupture zones of the largest earth- 
quakes in a seismic belt, A second kind of seismic gap is a 
gap in the seismicity of smaller-magnitude earthquakes 
before larger earthquakes. 




FIGURE 3.6 (Top) Schematic fault model structure. Interior of the 
smooth, continuous, nearly planar segments arc creeping putchcs (C). 
Stuck patches are classified as pinned (P), unpinned (U), or bent (B) if 
they occur at a left-stepping offset, a right-steppingoffsef, orachangc 
in strike, respectively. (Bottom) Specific model for the Bear Valley- 
Limekiln Roud section of the San Andreas Fault in central California. 
(From Bakun et al., 1980.) 


Wallace (1981) described seismic gaps as active-tec- 
tonic zones between recently active fault segments with 
high potential for reactivation in the near future. Wal- 
lace and Whitney (1984) examined the paleoseismic his- 
tory of three segments of the Central Nevada Seismic 
Belt — the Dixie Valley Fault segment, the Stillwater 
Fault segment, and the Pleasant V alley Fault zone seg- 
ment. They found that scarps 10 1 to 10 5 yr of age and 
approximately Holocene age (less than 10* yr) are 
present in places along all three segments. However, 
within historical time, only the Pleasant Valley faults in 
1915 and the Dixie Valley faults in 1954 ruptured, 
Within the intervening Stillwater seismic gap there are 
no free faces preserved on Holocene scarps, indicating 
that they are probably oider than 300 yr. Wallace and 
Whitney (1984) commented that “the Stillwater gap is a 
likely site for future major faulting, but the low level of 
seismicity in the gap area suggests that the next major 
earthquake is not imminent.” 

Other fault systems where seismic gaps of the first 
kind have been identified are plate boundary systems. 
McCann et al. (1979) conducted a comprehensive study 
of large earthquakes and seismic gaps along major plate 
boundaries. Figure 3.7 shows large earthquakes and 
seismic gaps along the major plate boundaries near 
Alaska. Thesecond type of seismic gap applies mainly to 
the earthquake prediction and management. 


CASE STUDIES 

Character of the Subduction in Northwestern 

United States — Seismic orAseismic? 

Several lines of evidence suggest the Juan de Fuca and 
Gorda plates are being subducted underneath the North 
American plate in tho northwestern United States. 
These include (1) the Cascade Range, an active ande- 
sitic chain of volcanoes; (2) seismicity related to the Ben- 
ioff-Wadatizone (Smith and Knapp, 1980; Cockerham, 
1984; Tabor and Smith, 1985); (3) geodetic deformation 
consistent with subduction (Ando and Balazs, 1979; 
Savage et al., 1981); and (4) deformation of marine ter- 
races consistent with subduction (Adams, 1984). Al- 
though active subduction seems clear, this system has 
been relatively aseismic with respect to great subduc- 
tion-zone earthquakes, Subduction is either proceeding 
with relatively little coupling with the overriding plate 
and thus large elastic strains are not being stored, or 
the subducting Juan de Fuca/Gorda plate is strongly 
coupled with the overriding plate, producing condi- 
tions in which a large earthquake could occur in the 
future and the historical period is a period between 
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subductson of other young oeeiimc plates. In particular, 
they compared convergence rates, ages erf lithosphere, 
presence of active h»ek*s»re briiis, depth of oceanic 
trench, dip of the Benloff-WMsrti zone, topography of 
the subducted slab, and »i«nfe quiescence. Present-dav 
convergence across f ''In. il< 1 I tion zone 

has been estimated as 3 to 4 em/yr, n moderate rate for 
subditiCtlon zones, The aye of the subducted slab hm 
been estimated tt 10 to 15 m.v., a relatively young 


to be found anywhere in the Circum- Pacific belt/’ sad 
“rf slip Is occurring aselsmlcaHy on the shallow part of 
the subduetion zone, then this particular example 
would have to be considered unique.’ They concluded, 
"tliai there is sufficient . evidence to warrant farther 
si i ill v nf : in' possibility of a great subduct urn zone imi ' h 
quake in the Pacific Northwest,'* 

Vk.t .■ dt) -,h exit'd type, of i logic invest iga 
twins of palecsekmle activity that could help resolve the 
seismic hazard, A posibiee*»mple is Sin fos ' 1 ■ /To' study 
of disturbances of glaclo-Itcuitrine deposits In the west- 
ern Puget Sound area, which considered 14 disturbed 
zones in the 4O,0OO»yr-oU$ sediments to be caused by 
earthquakes, Such evident* needs Is hr verified as trnlv 
seisroogenie, synchros ni> with earthquakes, and dis- 


associated the young buoyant crust with strongcoupUng 
with the overriding plate; and when .rake of plate move- 
ment and the age r rf ocean floor are used (Buff and 
Kanamori, 1930), they estimated a maximum moment: 
magnitude of Af„ « 8,3 ± 0.5. They also proposed that 
other parameters such as the dip of the Ren toff- Wad&tt 
zone fiO to 13* beneath Puget Sound), topography of 


whether this Benioff-Wadati zone is seismogenlc or 
asetsmic, Resolution Is important to future building, sit- 
ing. design, and zoning within Washington and Ore- 
gon. Many existing engineered structures may have in- 
adequate design for earthquakes of magnitude 7,5, 8.0. 
or 8,5, 
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pevtixt is this area has no historical seismicity iind i-- 
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nary faiths q f the Rio Grande* Rocky Mountain Bell. 
Prevfc mm seismic assessments of earthquake risk assumed 
that maximum future earthquakes 
hide 5J or less, ■ 
within the region. 

would have been an ideal one for vital e 


This unexpected young fault leads to the speculation 
that then- art* possible connect tons between the Frrmt.ti 
Fault -/imc and the Mississippi trend of epicenters in tiu: 
Now Madrid, M issnun. area f with short zones of surface 
faulting in 181I--18I.2), Further connections were sug- 
gested !>\ Hin/.i’ ft til {1980, I ‘Wo) between the. Mew 
Musi *ni m I the east- wes t rt< i a of bulls in 

the complex group of faults to the Cottage Grove-Moor- 
rnan Synclme- Rough Creek- Kentucky River Fault zone. 
Pleistocene fault activity along the Kentucky River 
Fault zone has been suggested by VanArsdale and Ser- 
geant (1985). They examined trenches is the Plio-PWs- 
tocene terrace deposits along: the Kentucky River fault 
zone and found tin deposits folded, faulted and in 
jected with day dikes. These connections suggest a pos- 
sible extensive Quaternary breakup of the midcontinen- 
tal region along reactivated faults; a ptoemial for 
Mgh-magnitude earthquakes may be present In. addi- 
tion it, indicates the need for more studies of tectonic 
activity in Central and Eastern United States ant! the 
reassessment of th * current rationale for evaluating 


would be of magni- 
the maximum historical earthquake 
, As noted by Kerr (1.988), this area 

ngineering 

structnw, because the fault appeared, to he inactive and 
not a. seismic threat. Studies by RameU! and Slemrnom 
(1985) and Tliford and Wester* (1985) confirmed that 
there is a young fault scarp of about 28- to 28- km length 
along part of the Misers fault zone. Rametli and Slern- 
mons subsequently identified another scarp that extends 
the main scarp for a total length of about 38 km. The 
compound scarp of 5-ot height developed from repeated 
surface fault offsets, Donovan (1985), Kerr (1985), 
Stomwnx <* at, (1985), and other workers also showed 
the’ the fault also had a left-lateral component . Past off- 
sets were at least 1 or 2 m per event , These data suggest 
that past offsets were accompanied by earthquakes of 
surface wave magnitude of 8,5 to 7,5, The Holocene ac- 
tivity is confirmed by radiometric dating (Madole and 
Meyer, 1985) and youthful scarp morphology (Ramelli 
and Sleinmons, 1985), The lack of significant historical 
seismicity is indicated by Gordon (1985), Gordon and 
Dewey {1985). and Lawson ■ lfl.'*3i. although Cordon 
recognized a general epicentre! alignment with the 
Wiehita-Ciuaehita /one, with left lateral local mecha- 
nisms in th, • . >. 
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ABSTRACT 

Active convergent zones contain fold-and-thrust belts that deform a sedimentary wedge by low- 
angle thrusting and flexural-slip folding over a subjacent, more rigid basement. Flexural-slip 
faults form by bedding slip during flexural-slip folding and are observed when unconformably 
overlying deposits are deformed by renewed folding, These faults are upthrown toward syn- 
clinal axes and die out in fold hinges, Bending-moment faults are produced because the convex 
side of a folded layer is lengthened normal to the fold axis and placed in tension, forming normal 
faults and extension fractures, whereas th s concave side is shortened and placed in compression, 
forming reverse faults. Neither class of fault is likely to extend downward to rocks of such high 
strength that enough elastic strain energy could be stored to produce a large earthquake when 
released suddenly. However, all known historical examples are coselsmlc, and age relations on 
such second-order faults may apply to subjacent first-order seismogenic faults. Some folds such 
as Anticline Ridge at Coalinga, California, apparently are surface expressions of buried seismo- 
genic faults. Regionally, fold-and-thrust belts may be modeled by the snow plow model of Davis 
et al. (1983) if the slope of the upper and lower boundaries of the forward-tapering wedge, the 
coefficients of basal and Internal friction, and the ratio of pore pressure to hydrostatic pressure 
are known. This model implies that the deformation migrates toward the margin of the thrust 
belt such that youngest structures are at the edge; and pore pressures within individual folds, 
even those back from the edge, probably exceed hydrostatic. 


INTRODUCTION 

Folds and low-angle thrust faults are an important 
component of ancient mountain belts . Thus it is surpris- 
ing that they are not more widely reported in the litera- 
ture on active tectonics, Part of the reason for this is that 
mountain belts characterize zones of plate convergence, 
and most of these zones comprise the accretionary 
wedges confronting island arcs and are, accordingly, 
offshore. The southern margin of the convergence zone 


of southern Asia extending west from the Himalaya to 
the Zagros Mountains is perhaps the most notable excep- 
tion on land. 

Most of the literature on active tectonics deals with 
zones of strike slip: the San Andreas Fault system of Cal- 
ifornia, the Alpine Fault system of New Zealand, and 
the North Anatolian Fault system of Turkey, among 
others. Yet even in these zones, there are smaller regions 
dominated by tectonic convergence: the Transverse 
Ranges of California and the ranges and basins of the 
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northwestern South Island and central Otago, New 
Zealand, for example. Both the full-scale convergence 
zones, such as the Himalaya, and the zones subordinate 
to transform faulting, such as the Transverse Ranges, 
contain exumples of active folds and low-angle thrust 
faults, and future research is likely to discover that ac- 
tive folds and thrust faults are as widespread in the ac- 
tive convergent zones as they are in extinct mountain 
belts. This chapter reviews the state of knowledge of 
structures related to folding in light of their impact on 
society. 

MECHANICAL BACKGROUND 

The mechanical properties of foid-and-thrust belts 
were considered by Elliott (1976) and Chappie (1978), 
building on the earlier work of Hubbert and Rubey 
(1959). Chappie (1978) noted that fold-and-thrust belts, 
whether on land or offshore, should show (1) a basal 
surface of decollement below which there is little or no 
deformation; (2) an overall shape in cross section of a 
wedge tapering toward the edge of the mountain belt 
with its base, the basal decollement, sloping toward the 
interior of the mountain belt; and (3) extensive horizon- 
tal contraction in the tapered wedge above the basal de- 
collement. Davis et ah (1983) considered the mechanics 
of a fold-and-thrust wedge to be analogous to that of the 
wedge of snow that forms ahead of the blade of a mov- 
ing snow plow. The snow deforms until the wedge at- 
tains a critical taper, then slides stably, growing as new 
snow is accreted at the front of the wedge. Parameters 
essential to an understanding of the mechanics of a fold- 
and-thrust wedge include the angle of topographic slope 
of the wedge toward the frontal edge of the deformed 
belt, the angle of rearward slope of the basal decolle- 
ment, the coefficient of internal friction within the 
wedge, the coefficient of sliding friction on the base 
(about 0.85 according to Byerlec, 1978), and the ratio of 
pore fluid pressure to the vertical stress imposed by over- 
burden (A). Davis et ah (1983) applied their mechanical 
model to the active fold-and-thrust belt of western Tai- 
wan, where extensive subsurface information is avail- 
able, and they determined the critical parameters to be 
angle of forward topographic slope 2.9 ± 0.3°, rear- 
ward slope of the decollement 6°, and A equal to 0.7. 
The fold-and-thrust wedge is above sea level, and the 
topography is at steady state: thickening of the wedge by 
contractile tectonics is balanced by erosion, which pro- 
ceeds at a rate of 5 to 6 rmn/yr (Li, 1976; Suppe, 1981). 
The model is sensitive to the nature of material compris- 
ing the decollement, where it is assumed that essentially 
pure frictional sliding occurs. However, evaporites 
characterize the fold-and-thrust wedges of the Zagros 


Mountains (Stficklin, 1968) and the Salt Range of Paki- 
stan (Seeber e< ah, 1981), and these may yield plastically 
rather than by pressure-dependent Coulomb friction. 
The snowplow mode! has two important implications 
for active tectonics: (1) the age of deformation should 
migrate outward toward the front of the wedge, and (2) 
rocks within the wedge are near the point of critical fail- 
ure and are likely to exhibit pore pressures greater than 
hydrostatic. 

Yeats et ah (1981) pointed out that faults that do not 
extend downward into rocks of high strength will not be 
expected to produce large-amplitude ground accelera- 
tion that is due to seismic shaking because such rocks 
under near-surface confining pressures are not capable 
of storing enough elastic strain energy to generate a 
large earthquake when that strain energy is released in- 
stantaneously, Because fold-and-thrust belts terminate 
downward at a basal decollement over an undeformed 
rigid basement, the question of their seismotectonic 
signature is an important one. Where the decollement 
contains rocks of such low strength that deformation 
may occur plastically under low confining pressure, as 
in the Zagros Mountains and the Pakistan Salt Range, 
internal deformation is probably not accompanied by 
large earthquakes (Berberian, 1981; Seeber ah, 1981; 
Seeber, 1983). In the thinner portions of fold-and-thrust 
wedges, the rocks are probably not under sufficient con- 
fining pressure to possess much shear strength, even 
though they behave according to Coulomb friction 
laws, However, in the thicker portions of wedges, the 
earthquake potential is not so clear. Seeber et ah (198J) 
suggested that the greatest earthquakes of the Indian Hi- 
malaya occur in front of the range in the Ganges fore- 
deep, even though this area has been characterized by 
low instrumental seismicity in recent years. The large 
isoseismal areas of these earthquakes and lack of surface 
rupture in great historical earthquakes of the Ganges 
flood plain suggest that a large part of the decollement 
surface moves as a blind thrust, producing a detachment 
earthquake. The 1964 Prince William Sound, Alaska, 
earthquake also may be of detachment type (Seeber 
et ah, 1981). 

FLEXURAL-SLIP FAULTS 

General Statement 

Most folds characteristic of foreland fold-and-thrust 
belts form by flexural slip. A stack of stiff beds alternat- 
ing with thin, less stiff layers is end-loaded, and these 
beds buckle by slip on inherently weaker bedding sur- 
faces separating stiffer beds (Ramsay, 1967, pp. 392- 
393), Slickensides on these weak surfaces are perpendic- 
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nlar to the fold axis. Thickness of individual competent 
beds remains constant from hinge to limbs of folds. Rock 
layers are flexed, and upper layers slip over underlying 
layers toward anticlinal hinges and away from synclinal 
hinges. Slip is zero at fold hinges. On the limbs of the 
fold, the amount of slip on bedding faults depends on 
the maximum dip of the limbs and the thickness of each 
flexed layer. Because such bedding faults, called flex- 
ural-slip faults by Yeats et ah (1981), do not produce 
stratigraphic separation, they are not likely to be recog- 
nized unless there is a sequence overlying the flexural- 
slip fold with angular unconformity, and continued 
folding causes displacement of these younger deposits. 
Such deposits are cut by faults that are parallel to bed- 
ding in the folded sequence and upthrow n toward the 
subjacent synclinal axis. The younger deposits are likely 
to be tilted toward the synclinal axis so that their dip is in 
the same direction as that in the subjacent, more 
strongly folded beds. Because flexural-slip faults remain 
in bedding, they do not extend to depths greater than 
the amplitude of the flexural-slip fold. Furthermore, 
displacement vanishes in the axis of the syncline where 
the faulted bedding plane is deepest. Beds at these 
depths, which would in most cases not exceed a few kilo- 
meters, are likely to have shear strength too low under 
such low confining pressures for bedding faults to gener- 
ate large earthquakes, particularly in view of the fact 
that such faults form along the structurally weakest 
layers. 

Gretj~lnangahua Basin , New Zealand 

Flexural-slip faulting was first described (although 
not named) by Suggate (1957) and Young (1963) in the 
Grey-Inangahua Basin of the northwestern South Is- 
land, New Zealand (Figure 4.1). The Grey-Inangahua 
Basin is a northeast-trending structural depression filled 
with Cenozoic strata resting with angular unconformity 
on a terrane consisting of Mesozoic and older rocks, in- 
cluding granitic basement. The Cenozoic strata are 
folded asymmetrically on the west side of the basin 
against the Paparoa Range. The folded strata are over- 
lain with angular unconformity by glacial outwash 
gravels that form prominent surfaces above present 
river level. South of Giles Creek, one of these surfaces is 
cut by faults parallel to bedding in subjacent strata and 
upthrown toward the subjacent synclinal axis (Suggate, 
1957). The surface is also tilted toward the synclinal axis 
(shown diagrammatically in Figure 4. 2). 

A terrace riser cuts across the faults, and the fault 
scarps are higher on the more elevated terrace surface 
(Suggate, 1957; Yeats, in press; Figure 4.2). The 
changes in scarp height may be explained using Lensen's 



FIGURE <1.1 Tectonic map of the Butler region, South Island, New 
Zealand, Heavy lines arefuults with bur and hull on downthrown side. 
Arrows on monoclines point to downwarped side. Short heavy lines 
show flexurul-sltp fault sets In Crey-Inungahuu Basin: BB, Blackball; 
HR, Big River; GC, Ciles Creek; RG, Rough Creek (active in 1008); 
RO, Rotoknhu (active in 1008); IF, tnungaluin (active in 1968). 


(1968) reasoning at Branch River, New Zealand. Fault- 
ing occurred after the outwash stream had abandoned 
the terrace surface southwest of the terrace riser and 
while it still flowed across the lower terrace surface to 
the northeast. Further erosion removed the fault scarps 
northeast of the terrace riser where the stream still 
flowed but preserved the scarps on the abandoned, 
higher surface to the southwest. Renewed faulting oc- 
curred after the stream had abandoned the outwash sur- 
face altogether. The scarps northeast of the terrace riser 
reflect only the later faulting whereas the scarps south- 
west of the terrace riser reflect both episodes of faulting. 

Transverse Ranges, California 

Flexural-slip faulting is also documented in the Ven- 
tura Basin, California, northeast of Santa Paula, where 
Pliocene-Pleistocene strata are strongly folded and lo- 
cally overturned on the north flank of the Santa Clara 
syncline and are overlain by alluvial fans derived from 
mountains to the north (Figure 4.3) (Keller et ah, 1982; 
Rockwell , 1983) , Surfaces of these fans are tilted toward 
the Santa Clara synclinal axis and are cut by faults that 
are parallel to bedding in the subjacent, strongly folded 
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FIGURE <1,2 Block diagram showing relations ut Gilts Creek, South 
Island, New Zealand. Outwash gruvels overlie steeply dipping strata 
on limb of syncline in which synclinal axis Is southeast of diagram, 
Gruvels are tilted toward synclinal axis. Bedding-plane (flexural-slip) 
faulLs propagate upward through gruvels and appear us scarps facing 
away from synclinal axis. Fault scarps arc higher on high side of ter- 
race riser, Indicating that some fuutting occurred after outwash drum- 
age hud abandoned the high side of the terrace riser but still occupied 
the low side, Additional faulting occurred utter the drainage had 
abandoned the terrace altogether, Fault scarp A faces up the deposl- 
tional slope and is ungulltcd, indicating that It formed so suddenly that 
the rills occupying old outwash channels were ponded at base of scarp. 
Fault scarp B also formed instantaneously, but It is small enough that 
rill drainage was maintained across it, thereby gullying the scarp, 

strata and are upthrown toward the synclinal axis. The 
faults show normal separation where the subjacent bed- 
ding is overturned and reverse separation where bed- 
ding is upright (Figure 4,3). Fan emplacement during 
tilting resulted in a cycle starting with fan deposition, 
then tilting followed by fan entrenchment, then deposi- 
tion of a new fan surface, which was itself subsequently 
tilted. Seven geomorphic surfaces ranging in age from 
present day to an estimated 120,000 yr are recognized 
by Keller ct al. (1982) and Rockwell (1983) on the basis 
of degree of soil development calibrated in part by ] , C 
dates and on the amount of tectonic deformation. Four 
of the older surfaces show increasing tilt and scarp 
height with increasing age. 

Other examples of flexural-slip faulting in the Trans- 
verse Ranges are recognized in the Oakview area of the 
Ventura Basin (Keller ct al., 1982) and Point Concep- 
tion, west of Santa Barbara, California (Cluff ct al., 
1981). 

Shinano River, Niigata Prefecture, Japan 

Active folding has been recognized in Japan for many 
years (Otuka, 1942), and attempts have been made to 


compare rates of folding of river terraces with rates of 
folding of subjacent strata (Sugimura, 1967; Kaizuka, 
1967; Nakamura and Ota, 1969). The most extensively 
documented active folds occur in central Japan along 
the Shinano River (Ota, 1969), which flows northward 
across folded strata of the Pliocene-Pleistocene Uonuma 
Group. These folds are overlain with angular uncon- 
formity by fluvid terraces that are themselves folded. 
Strike faults cut the terraces at Yamamoto-yama (cross 
section 6 of Figure 6 of Ota, 1969) and northwest of 
Ojiyatown (cross section 7 of Figure 6 of Ota, 1969). At 
Yamamoto-yama, Ota observed that the faults are up- 
thrown in the direction of the synclinal axis of the folded 
Uonuma Group and of the oldest fluvial terrace. In a 
recent visit to the area with the author, she confirmed 
that the terrace remnants between the strike faults slope 
toward the synclinal axis, indicating that the faults are 
probably flexural-slip faults. 

The early work northwest of Ojiya town had sug- 
gested that the strike faults there are downthrown to- 
ward the synclinal axis. However, Ota and Suzuki 
(1979) described a new quarry exposure near Katakai, 
which exposed the faulted terrace and the underlying 
Uonuma Group (Figure 4.4), Four faults parallel to 
bedding in the Uonuma Group cut the overlying terrace 
and are upthrown toward the synclinal axis. In the 
quarry exposure, the steeply dipping Uonuma Group 



FICURE 4.3 Diagrammatic cross: iection across north flunk of Santa 
Clara syncline east of Santa Paula, Ventura Busin, California. Flex- 
ural-slip faults have normal separation where subjacent strata are 
overturned, reverse separation where subjacent strata are upright. 
Older fun bar more separation and tilt than younger fan. Modified 
from Yeats et al. (1381) and Keller ct at. (1982). No vertical exaggera- 
tion. Inset: OT, Orcutt-Timbcr Canyon liexurttl-slip faults’, OV, Ouk- 
view flexural-slip faults. 
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ing basement rocks rather than faults produced by flex- 
ural-slip folding. 

Field evidence suggests that at least the larger flex- 
ural-slip faults at Giles Creek and Blackball in the Grey- 
Inangahua Basin arc coseismic (Yeats, in press). The 
flexural-slip faults at both these localities fuce west, up 
the depositional slope of the outwash surfaces that they 
cut (Figure 4.2), The surface at Giles Creek is grooved 
by braided channels that formerly carried outwash 
gravels from glaciers on the east side of the Paparoa 
Range. After abandonment of the outwash surface, the 
braided channels remained, but they now carry only the 
runoff derived from the surface itself whereas formerly 
they carried detritus from the Paparoa Range. Most of 
the west-facing fault scarps are ungullied, even though 
they are very old; the faults cut surfaces more than 
100,000 yr old (Suggate, 1965; Nathan, 1978b; R. P. 
Suggate, New Zealand Geological Survey, personal 
communication, 1984), but they do not cut an outwash 
surface at Blackball considered to be 18,000 to 23,000 yr 
old (Nathan, 1978b; Suggate, 1965; Suggate and Moar, 
1970), 

The ungullied west-facing scarps at Giles Creek are in 
contrast to extensively gullied east-facing scarps on the 
same surface, scarps presumably related to range-front 
faulting (Yeats, in press). Rill drainage down the old 
outwash channels dissects the scarps that face east, 
down the depositional slope, but collects at the base of 
the west-facing scarps, forming small bogs or small 
streams that drain parallel to the scarp and off the sur- 
face. The only west-facing scarps that are gullied are 
those in which scarp heights are relatively low, such as 
the southern parts of scarps B and D of Suggate (1957) 
and scarp C of Young (1963). If the west-facing scarps 
had formed by aseismic creep on flexural-slip faults, the 
rill drainage should have been able to maintain itself 
across the slowly rising fault scarps (Figure 4.2), just as 
it does when scarp height is very low. However, the 
drainage is blocked by the scarps, suggesting that the 
scarps formed suddenly, accompanying an earthquake. 
To be ungullied by the drainage, a scarp must appear 
instantaneously and must be high enough that the 
former drainage, even at maximum stream flow, is un- 
able to overtop the new scarp. The flexural-slip fault 
scarps northeast of Santa Paula, California, face up the 
depositional slope of the fans that they cut (Figure 4.3), 
but the high initial slope of the fan surface and the high- 
volume stream flow under the occasional torrential 
rainfall experienced in southern California result in gul- 
lying of the newly formed scarps, even if they do form 
suddenly. 


BENDING-MOMENT FAULTS 

Deformation of a flexed layer can be treated as bend- 
ing an elastic plate around a fold axis. If the plate is bent 
by equal and opposite moments applied at its ends, the 
convex side is lengthened and placed in tension, and the 
concave side is shortened and placed in compression 
(Figure 4.6; cf. photoelastic experiments of Currie 
ct ah, 1962). The compression and tension of the sides 
are produced by a couple or bending moment (Johnson, 
1970, pp. 41-50), Between that portion of the plate in 
compression and that portion in tension, there is a neu- 
tral surface on which there is neither compression nor 
tension (Figure 4.6), The strain within a bent plate is 
approximately proportional to the distance from the 
neutral surface and inversely proportional to the radius 
of curvature of the plate. 

On the convex surface, the minimum principal com- 
pressive stress (ct 3 ) is tangent to the plate surface but per- 
pendicular to the axis of bending, whereas on the con- 
cave surface, the maximum principal compressive stress 
(<jj) has this orientation. If the neutral surface is located 
at the center of the plate, the deviatoric stress (cr | - tr 3 ) is 
zero at the neutral surface and maximum at the convex 
and concave surfaces. If the beam is structurally iso- 
tropic and homogeneous, and folding is upright, initial 
rupture above the yield stress will be by extension frac- 
tures or normal faults at the convex surface and by re- 
verse faults at the concave surface (Figure 4.6). These 
faults are small scale because they extend to no greater 
depth than the neutral surface of the flexed plate. Such 
faults should not be capable of large earthquakes if the 
flexed plate is a sedimentary bed of low strength and the 
radius of curvature of the flexure is relatively small. 

The importance of bending-moment faults in scismie- 
risk evaluations is in the fact that these faults are likely to 



FIGURE -J.fi Rending moment faults developed an the concave and 
convex sides of a flexed layer. Faults should occur on both upper and 
lower surfaces, but they have only been observed on upper surface. 
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be encountered in trenches across scarps suspected of be- 
ingfaults. The trench isdugwith thestrategy of encoun- 
tering late Quaternary deposits cut by a suspected fault, 
To be recognized as bending-moment faults, fault dis- 
placement must be normal on the convex side of a fold 
and reverse on the concave side. Two examples from 
trench investigations follow. 

The Ventura Fault in the Ventura Basin of California . 
forms a linear, south-facing scarp that trends eastward 
along the foot of the hills bordering the city of Ventura 
on the north (Sarna-Wojcicki et al., 1976). In east Ven- 
tura, the scarp diverges from the foothills and maintains 
an easterly strike whereas the edge of the hills trends 
more to the east-riortheast (Figure 4.7). In this area, the 
surface of the Harmon alluvial fan is cut by a south- 
facing scarp attributed to the Ventura Fault. The scarp 
forms the boundary between an uplifted bench of older 
deformed deposits on the north and young undeformed 
sediments on the south (Sarna-Wojcicki et al., 1976), 
The seismotectonic setting of this fault in a region of 
north-south horizontal contraction predicts that it 
should have reverse displacement. However, two 
trenches across the Ventura scarp (Figure 4.7) show sev- 
eral normal faults that offset all but latest Holocene sedi- 
ments (Sarna-Wojcicki et al., 1976; Gardner and Stahl, 
1977). The norma! faults are concentrated in the flexed 
region and are interpreted as bending-moment faults. 
These faults are secondary features apparently pro- 
duced by displacement on the subjacent Ventura Fault. 
Age of youngest sediments displaced by the normal 
faults can be assumed to date the latest movement on the 
Ventura Fault, but the orientation and sense of dis- 
placement on these normal faults cannot be extrapo- 
lated to infer sense of displacement on the Ventura 
Fault, 

In the city of Camarillo, south of Ventura, trenches 
dug by Geotechnical Consultants, Inc., across a linear, 
south-facing scarp (Gardner, 1982) were dug to shed 
light on late Quaternary movement history of the Ca- 
marillo Fault, a north-side-up member of the Simi re- 
verse-fault system (Figure 4.8). The trenches (Figure 
4.8) revealed an increase in south dip northward toward 
the scarp, but instead of a high-angle reverse fault dip- 
ping north, a low-angle, north-dipping reverse fault 
and a set of high-angle, south-dipping reverse faults 
were found. These faults are interpreted as being pro- 
duced by bending moment on the concave side of a 
monodinal bend in Quaternary sediments that are ei- 
ther draped over a buried fault or are part of a pressure 
ridge. This interpretation makes it unlikely that the 
faults exposed in the trenches are seismogenic, and it 
also implies that the trenches provide no evidence about 
whether the Camarillo Fault itself is seismogenic. As in 


the case of the Ventura Fault, the youngest sediments 
warped across the scarp or cut by bending-moment 
faults can be assumed to have been deposited prior to 
latest movement on the subjacent Camarillo Fault. 

Bending-moment faults are also found at Toppenish 
Ridge, an east-trending unticline in Miocene basalts and 
Quaternary sediments in south-central Washington 
State (Campbell and Bentley, 1981; Figure 4.9). On the 
north side of Toppenish Ridge, surface ruptures near the 
hinge of the overturned Satus Peak anticline in basalt 
cut late Quaternary alluvium and landslide material. 
These ruptures were interpreted by Campbell and 
Bentley (1981) as related to bending moment in the 
hinge of the fold, The hinge of the overturned syncline 
immediately to the north is characterized by thrust 
faults that cut Quaternary alluvium. Campbell and 
Bentley (1981) interpreted these as the surface expres- 
sion of a decollement thrust (Mill Creek thrust) passing 
underneath the anticline, I consider it to be more likely 
that they are due to bending moment on the concave 
side of the syncline. 

Finally, Philip and Meghraoui (1983) present evi- 
dence that normal faulting on the hanging wall of the 
1980 El Asnam thrust fault (Figure 4. 10) is produced by 
bending moment as the strata in the hanging wall are 
folded. These are called “extrados fractures” by Philip 
and Meghraoui (1983). In addition to normal faults, 
tension cracks appear close to the surface with edges ver- 
tically offset and with dip-slip slickensides. Two cases 
are presented. Where thrusting is dip-slip (Figure 4. 10A 
and4.10B), normal faults are parallel to the thrust fault 
trace and to the anticlinal axis. Where thrusting is 
oblique-slip (Figure 4. 10C and 4.10D), the normal- 
fault grabens develop at an angle to the thrust fault trace 
and the anticlinal axis. In plan view, they resemble pull- 
apart basins. The extension is due not only to anticlinal 
bending but also to left-obliqueslip in the hanging wall. 
As in the case of the bedding-slip faults at Kef el Mes, 
these faults are low-seismic although they are coseis- 
mic — that is, they are part of the deformation accompa- 
nying a major thrust-fault earthquake, but they them- 
selves do not deform strata that are strong enough to 
store much elastic strain energy. 

FOLDS RELATED TO FAULTING 

The discussion above has concentrated on faults that 
are by-products of folding. They are near-surface struc- 
tures, hence they are small scale and unlikely to generate 
large earthquakes. However, the flexural-slip and bend- 
ing-moment faults at El Asnam accompanied the 1980 
earthquake (Philip and Meghraoui, 1983). They accom- 
panied near-surface folding that was itself a by-product 
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FIGURE 4.7 Sketches of two trenches ucross Ventura Fault simplified from Surna-Wojcieki cl at. (1970) and Geotechnical Consultants, Inc. 
Ventura Fault is expressed as a flexure with slopes and dips steeper than areas to the north and south. Hospital trench lias vertical exaggeration X2; 
reservoir trench has no vertical exaggeration. In both trenches, fruclures are concentrated where sti ala ure flexed. Most fractures are normal faults or 
soil-filled extension fractures, as would he expected if fractures arc related to bending moment. 
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FIGURE 4.8 A and B, Simplified sketches of trenches ucross Camarillo Fuult, after D, A, Gardner {1982; unpublished technical reports by 
Geotechnical Consultants, Inc.). No vertical exaggeration. C, Topography of ridge in downtown Camarillo from U.S. Ceological Survey Camarillo 
7 i/ 2 -minute quadrangle, locating two trendies. Camarillo Fault is presumed to control steep south flankof this ridge. D, Sketch of presumed relation 
between bending-moment faults in trenches and subjacent Camarillo Fault. 
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FIGURE 4.9 Tectonic sketch and diagrammatic cross section of Sa- 
tus Peak anticline at Topperiish Ridge, Washington, redrawn and 
modified from Campbell and Bentley (1981). Sawtooth murk the 
hanging-wall side of reverse faults; ticks mark the hanging- wall side of 
assumed normal faults. 


of a deep-seated left-lateral reverse fault that generated 
the 1980 mainshock {Philip and Meghraoui, 1983) 
{Fault A of Figure 4.5). In a similar fashion, the folds 
generating the flexural-slip faults in the Crey-Inanga- 
hua Basin, New Zealand, may themselves be related to 
deep-seated reverse faulting at the margin of the Papa- 
roa Range {Figure 4.1). The seismogenic Newport-In- 
glewood Fault in the Los Angeles Basin, California, is 
for the most part not exposed at the surface. The fault 
cuts basement rocks, but the fault zone is expressed at 
the surface as en echelon anticlines formed as pressure 
ridges along the fault (Barrows, 1974; Yeats et al., 
1981). Near Ventura, California, the Montalvo Mounds 
are late Quaternary anticlinal ridges that mark the sur- 
face expression of the Oak Ridge high-angle reverse 
fault that does not itself reach the surface (Yeats et al 
1981). 

The May 1983 earthquake at Coahnga, California 
(Ms - 6.5), did not rupture the ground surface (al- 
though one aftershock did) but instead augmented a 
fold at Anticline Ridge, as based on geodetic data (Stein 
and King, 1984). Deformation of the stream bed of Los 
Gatos Creek, an antecedent stream that cuts across the 


FIGURE 4.10 Coseismie bending-moment 
faults associated with 1980 E! Asnum earth- 
quake, after Philip and Meghraoui (1(1 83). Dis 
placement on the main seismogenic thrust fault 
was accompanied by anticlinal folding in the 
banging wall, which was itself accompanied by 
grabens along tile anticlinal crest. These grabens 
are parallel to the anticlinal crest (A, B) or 
oblique to the anticlinal crest and stepped right 
where thrusting had a left-slip component (C, 
D). Map symbols; 1, normal fault; 2, tensile 
crack; 3, en echelon crucks; 4, thrust faults and 
pressure ridges; 5, attitude of dipping bed; 6, at- 
titude of horizontal bed, 
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anticline, and an alluvial fan surface indicates that fold- 
ing similar to the 1983 event has been taking place for 
the past 2500 to 10,000 yr at a rate of surface uplift of 1 
to 4 mm/yr. The folding resembles that of subjacent 
strata and indicates that the folding may have been tak- 
ing place for at least the past 2 m.y, Stein and King 
(1984) modeled the folding as having been generated by 
a reverse fault with a slip rate of 3 to 12 mm/yr based on 
the deformation of Los Gatos Creek and 1 to 4 mm/yr 
based on the deformation of underlying strata. Folding 
is coseismic with an average recurrence interval of 
earthquakes the size of the 1983 event of 200 to 1500 yr 
(Stein and King, 1984). In dissent, Hill (1984) noted the 
failure of the 1983 aftershocks to define a subsurface 
fault plane. Focal mechanisms of 10 earthquakes at 
Coalinga have nodal planes that are parallel to folded 
bedding at the epicenter of each event, leading Hill 
(1984) to suggest that the Coalinga earthquake was pro- 
duced by deep-seated flexural-slip folding. 

ACTIVE TECTONICS OF ON-LAND 

FOLD-AND-THRUST BELTS 

Flexural-slip faults and bending-moment faults are 
secondary features related to flexural-slip folding, 
which itself characterizes foreland fold-and-thrust 
belts. Davis et al. (1983) developed their mechanical 
model from a study of western Taiwan (cf. Suppe and 
Wittke, 1977; Suppe and Namson, 1979; Suppe, 
1980a,b, 1981; Namson, 1982). The active-tectonic set- 
ting of fold-and-thrust belts is illustrated in this paper by 
a discussion of the active foreland thrust belt of northern 
Pakistan and India, part of the Himalayan convergence 
zone between the Indian and Eurasian plates, and the 
central Ventura Basin of California, where the conver- 
gence zone is limited in length, apparently controlled by 
the big bend of the San Andreas Fault. These two re- 
gions offer the possibility of determining rates of conver- 
gence directly from the geologic record. 

Active foreland thrusting occurs on a continental 
scaie in the foothills of the Himalaya as the Indian shield 
is overridden by its own northern margin in a series of 
south-verging thrusts (Yeats and Lawrence, 1984). The 
Precambrian Indian shield slopes gently northward be- 
neath the Indo-Ganges floodplain and is overlain by 
flat-lying molasse deposits (Siwalik Group), which are 
older versions of the modern drainage system (Figure 
4.11). In India, the alluvial plain consists of a northern 
domain in which large rivers break out of the mountains 
and flow south across broad distributary fans, a central 
domain in which the south-flowing streams merge with 
the east-southeastward flow of the main Ganges River 
and flow parallel to the Himalayan front, and a south- 
ern domain in which small-volume rivers flow north- 


ward from the Indian shield into the Ganges (Geddes, 
1961; Figure 4.11A). The depositional axes of Pleisto- 
cene and older Siwalik molasse basins are parallel to the 
Ganges River but north of it; the older the molasse, the 
farther north its depositional axis (Acharyya and Ray, 
1982). The molasse basins are forced southward owing 
to the southward advance of Himalayan thrust sheets 
such that it may be possible at a given site to progress 
upsection from southerly, shield-derived sediments to 
northerly, Himalaya-derived sediments (Figure 4,1 IB; 
Tandon, 1976; Parkesh el al., 1980) and finally to the 
appearance of the thrust sheets themselves. Lyon-Caen 
and Molnar (1985) suggested that the age of the basal 
molasse sediments overlying the Indian Shield decreases 
southward at a rate of 10-15 mm/yr. 

Active faults are found in the interior of the Himalaya 
of Nepal and India as well as the southern mountain 
front, but only the mountain-front fault (Himalayan 
Frontal thrust) shows north-over-south thrusting (Na- 
kata, 1972, 1982; Nakatae/n/., 1984). Major thrusting 
in the Kathmandu intermontane basin predates deposi- 
tion of the Lukundol Formation, which is Pliocene in 
age as based on magnetostratigraphy and vertebrate fos- 
sils (Yoshida and Igarashi, 1984; M. Yoshida, personal 
communication, 1984). 

The southward advance of decollement thrusting 
may be better calibrated in northern Pakistan (Figure 
4,12) where the molasse basin is wider and subsurface 
evidence more abundant. New thrusts appear within 
the previously undeformed foreland sediments resting 
on top of the northward-sloping Indian shield. The Salt 
Range overrides its own fan material and alluvium 
along the newest thrust — the Salt Range thrust of late 
Quaternary age— and most of the major deformation is 
younger than 0.4 m.y. ago (Ma) (Yeats et aL, 1984; 
Point A, Figure 4.12). Farther north, near Rawalpindi, 
major deformation is dated as between 1.9 and 2.1 Ma 
on the basis of molasse deposits calibrated by magnetos- 
tratigraphy and tephrochronology above and below the 
major angular unconformity (Raynolds and Johnson, in 
press) (point B. Figure 4.12), and the Soan syncline be- 
gan to control deposition about 3 Ma (Raynolds, 1980). 
The distance between points A and B projected perpen- 
dicular to strike is 100 km, and the age difference be- 
tween the end of deposition of subsequently deformed 
molasse deposits at the two points (2, 1-0.4 Ma) is 1.7 
m.y., a rate of southward migration of deformation of 
60 mm/yr. Farther north, at the southern edge of the 
Peshawar Basin (point C, Figure 4. 12), major thrusting 
predates deposition of nonmarine deposits as old as 2.8 
Ma as dated by magnetostratigraphy and tephrochro- 
nology (Burbank, 1983; Burbank and Tahirkheli, 1985; 
Yeats and Hussain, 1985). The distance between points 
B and G projected perpendicular to strike is 70 km, and 



74 


ROBEHTS. YEATS 


N 


HIMALAYAN 

FOOTHILLS 


OECOLLEMENT 
THRUST SHEETS 


HIMALAYAN 
DERIVED 
FAN GRAVELS 


HIMALAYAN 

DERIVED 

ALLUVIAL 

SANDS 



TRUNK STREAM. 
PARALLEL TO 
MOUNTAIN FRONT. 
FAR-DERIVED 


SHIELD- 

DERIVED 

ALLUVIAL 

SANDS 


" Indian s 'shie'ld ' 


DEPOCENTER AND 

N MIGRATES SOUTH FACIES BOUNDARIES $ 

AT 60-78 MM/YR MIGRATE SOUTH AT 


B 


40-65 MM/YR SOUTHWARD AT 10-15 MM/ YR (LYON-CAEN AND MOLNAR, 19851 

^ ^ CONVERGENCE RATE OF INDIAN PLATE 

RELATIVE TO EURASIA (MINSTER AND JORDAN , 1978) 

FIGURE 4,11 A, Typical profile of Lhu Himalayan thrust Trout and molasse sediments controlled by it. The Himalaya undergoes uplift as a 
consequence of foreland thrusting, shedding sediments into the flanking molasse basin. These side tributaries are collected by a master stream 
(Indus, jliclum, Ganges) flowing parallel to mountain front. Tributaries on the south are derived from Indian shield. B, Southward migration of 
deformation front and sedimentary fueies boundaries of molasse due to advancing foreland thrust sheets, compared to plate convergence rate. 
Depoeenters and facies migrate south ut 30 mm/yr (Raynolds, 1980), basal molasse sediments become younger southward at 10-15 intii/yr (Lyon- 
Caen und Molnar, 1985), and deformation us dated by angular unconformities migrates smith at a poorly controlled rateof GO-78 mm/yr. 




FIGURE 4.12 Tectonic map of southern margin of Himalaya in 
northern Pakistan. Intermontanc basins are shaded. Points A, B, and 
C are localities where age of major deformation may be dated: see text, 
Sawteeth mark late Quaternary thrusts; arrows mark late Quaternary 
strike-slip fault, 


the age difference between the oldest deposits after ma- 
jor deformation at the two points (2.8-1. 9 Ma) is 0.9 
m.y., a southward younging of 78 mm/yr. Those rates 
imply that new thrusts appear and propagate in the pre- 
viously undeformed molasse basin at rates higher than 
the convergence between the Indian and Eurasian 
plates. 

Southward migration of the Siwalik foredeep in the 
Jhelum re-entrant, eastern Potwar Plateau, as based on 
southward progradation of conglomerate facies (Ray- 
nolds, 1980), takes place at a rate of 30 mm/yr. This 
progradation was influenced by increased uplift rates in 
the source areas as well as southward advance of Hima- 
layan thrust sheets, so the rate of advance of thrust 
sheets would be less than 30 mm/yr, These rates may be 
compared with the northward motion of the Indian 
plate with respect to Eurasia of 40 mm/yr at the western 
end of the Himalaya to 65 mm/yr at the eastern end 
(Minster and Jordan, 1978). Either most of the conver- 
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gence between Eurasia and India is being accommo- 
dated at the southern margin of the thrust belt rather 
than being more uniformly distributed between the 
thrusts at the southern margin and more interior and 
more poorly dated thrust zones, such as the Main Cen- 
tral Thrust, or southward propagation of thrusts takes 
place faster than the rate of plate convergence. The rate 
of underthrusting of India beneath the Himalaya is 18 
mm/yr based on data from large earthquakes since the 
year 1900 (Molnar and Deng, 1984), suggesting that 
only part of the Indian-Eurasian convergence is being 
taken up within the Himalaya, with the remainder be- 
ing taken up by escape-block tectonics farther north. 

The Transverse Ranges of California are controlled 
by north-south contractile tectonics related to the big 
bend in the San Andreas Fault. In the Ventura Basin, 
continuous sedimentation throughout most of Quater- 
nary time was strongly influenced by contractile tecton- 
ics. These sediments have been age-calibrated by 
tephrochronology, magnetostratigraphy, and radio- 
metric dating (Izett et ah, 1974; Blackie and Yeats, 
1976; Lajoieef a/., 1979, 1982; Liddicoatand Opdyke, 
1981) . Based on this calibration and on the construction 
of balanced cross sections across the Ventura Basin, the 
rate of convergence of the northern edge of the Ventura 
Basin against its southern edge is 23 mm/yr over the past 
0.2 m.y. at Ventura (Yeats, 1983), over half the north- 
south component of Pacific-American plate motion in 
this area, which is 42 mm/yr (Bird and Rosenstock, 
1984). Most of this shortening occurred across the Ven- 
tura Avenue anticline and the adjacent syncline to the 
north (Yeats, 1982). 

The Ventura Avenue anticline contains a giant oil 
field with more than 1460 wells, resulting in an exten- 
sive, detailed data set on its internal structure (Figure 
4.13). Prior to formation of the anticline, the Taylor 
low-angle thrust fault set began to form 1,3 Ma along a 
weak layer in the Pliocene turbidite sequence, moved up 
a 45° ramp, and stopped motion about 0.65 Ma. Maxi- 
mum net slip ratewas2.8 mm/yr to thesoutheast (Yeats, 
1983). Following the end of deposition of nonmarine 
coarse-grained strata of the San Pedro Formation about 
0.2 Ma, the anticline began to buckle. The Ventura 
River was antecedent to this buckle, and uplift of the 
crest of the fold is calibrated by deformed river terraces 
that have been dated by "C, with age extrapolations 
beyond the limits of 1 'C dating based on a soils ehrono- 
sequence (Keller et al., 1982; Rockwell, 1983). Uplift 
rates on the anticlinal crest were 4.3 to 5.2 mm/yr for 
the last 29,600 yr, 10.5 to 11.5 mm/yr from 80,000 to 
29,600 yr ago, and 15 to 16 mm/yr from 200,000 to 
80,000 yr ago (Keller et a!., 1982), Rockwell (1983) 
demonstrated that a rootless buckle fold formed by end 


loading would undergo rapid displacement normal to its 
loading direction early in its formation, and this dis- 
placement would slow down as the fold became more 
fully developed [Rockwell, 1983; Yeats, 1983; of. theo- 
retical considerations by Currie et al, (1962) and Adams 
(1984)]. The fold is still under high horizontal stress be- 
cause it is overpressured, with the ratio of fluid pressure 
to overburden pressure increasing from 0.55 to 0.8 as 
radius of curvature decreases from 300 to 30 m in the 
core of the fold (Y eats, 1983) . 

If the fold is still undergoing contraction as uplift of its 
crest continues at a decreasing rate, how is this contrac- 
tion being accommodated? The limbs may still be steep- 
ening, but an alternative way to accommodate con- 
traction may be the Ventura Fault (Figure 4.7). The 
south-facing fault scarp occurs at the sharp boundary 
between flat-lyingstrata of the Santa Clara syncline and 
south-dipping strata of the south flank of the Ventura 
Avenue anticline. This sharp boundary dips 45° north to 
depths of several kilometers and is planar, and it is as- 
sumed that this boundary is the Ventura Fault at depth 
(Figures 4,7 and 4.13). It is younger than most cf the 
folding because it is planar, in contrast to other reverse 
faults that curve over the crest of the anticline and, 
therefore, formed as low-angle thrusts during the early 
stages of folding (Figure 4. 13). Although the fault scarp 
is linear and well documented, subsurface well correla- 
tions indicate little or no stratigraphic separation across 
the fault. As shown in Figures 8, 10, and 11 of Yeats 
(1982), horizons can be correlated across the fault with a 
sharp change in dip, but no displacement. This led me to 
propose earlier that the Ventura Fault formed by bend- 
ing moment (Yeats, 1982), a conclusion that is probably 
wrong. My present view is that the fault formed so re- 
cently that it has not had time to accumulate enough 
displacement to be documented without ambiguity in 
the subsurface. The evidence for this is the planar nature 
of the boundary between flat-lying and steeply dipping 
strata. The Ventura Avenue fold may have acquired a 
configuration that is stable to continued horizontal 
stress if there is a zone south of the fold along which 
further displacement may take place, If displacement 
occurs by southward sliding of the Pliocene-Pleistocene 
turbidite sequence over a subjacent Miocene ductile se- 
quence, this displacement may break through to the sur- 
face as the Ventura Fault, as illustrated in the inset to 
Figure 4. 13. 

SOCIETAL IMPLICATIONS OF ACTIVE 

FAULTS AND FOLDS 

Yeats et al. (1981) suggested that flexural-slip faults of 
the Ventura Basin would cause ground-rupture prob- 
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FIGURE 4.13 North-south cross section ucross Ventura Avenue nn- 
ticlinc near Ventura River, showing the 6553 m deep test well, Shell- 
Taylor C53 (T-653). In inset; ORF, Oak Ridge Fuult; RMF, Red 
Mountain Fault; VA, Ventura Avenue anticline; VF, Ventura Fuult, 
Oak View terrace dated as 32,000 yr before present, 


lems, but would not result in large earthquakes with 
major seismic shaking. These faults curve into bedding 
in flexural-slip folds, and they do not extend downward 
into rocks of such high strength that sudden release of 
stored elastic strain energy would cause a large earth- 
quake. The 1981 Lompoc earthquake showed that flex- 
ural-slip faults are not aseismic, and Yeats (1982) re- 
ferred to them as low-shake faults, Bending-moment 
faults are also low-shake faults, as are at least some 
thrust faults involving only the sedimentary cover. 

But all known historical examples of bending-mo- 
ment and flexural-slip faults accompany earthquakes, 
so if they are low-seismic, they are also coseismic. There 
are no known examples of flexural-slip faults forming by 
creep. The Giles Creek, New Zealand, flexural-slip 
faults show evidence of at least two episodes of faulting 
within a few thousand years, then no evidence of addi- 
tional faulting in the last 20,000 yr, despite the fact that 
the Grey-lnangahua Basin where they occur produced a 
large earthquake in 1968. Flcxural-slip faults (and per- 
haps bending-moment faults as well) that cut late Qua- 
ternary deposits may be used to monitor the recurrence 
of stick-slip faulting on subjacent seismogenic faults that 
may not cut late Quaternary deposits. The relations be- 
tween coseismic flexural-slip and bending-moment 
faults to the seismogenic El Asnam thrust are instructive 
to this point. The flexural-slip faults northeast of Santa 
Paula, California, may provide information about 
movement on the nearby San Cayetano Fault (Figure 
4.3), and the flexural-slip faults in the Grey-lnangahua 
Basin may document displacement on seismogenic re- 
verse faults bounding the basin on the west. Finally, the 
coseismic growth of the Anticline Ridge anticline during 
the 1983 Coalinga, California, earthquake may provide 
information on the recurrence interval of a subjacent 
seismogenic reverse fault. 

An implication of the mechanical model of Davis et 
al. (1983) is that folds in active fold-and-thrust belts are 
likely to be overpressured, and Davis et al. (1983) sum- 
marize evidence that overpressured folds exist in sub- 
aerial fold-and-thrust belts in Taiwan and the Hima- 
laya and in submarine accretionary wedges adjacent to 
the Middle America, Aleutian, and eastern Caribbean 
trenches and off the coasts of Oregon and the Pakistani 
Makran. The Ventura Avenue anticline, in a somewhat 
similar contractile environment, is perhaps the most ex- 
tensively documented overpressured structure in the 
world. Future oil exploration in active fold-and-thrust 
belts offshore and onshore should expect overpressured 
reservoirs and adopt necessary techniques to prevent 
blowouts. 

Another implication of the model of Davis et al. 
(1983) is that folds migrate out toward the edge of the 
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fold belt, and therefore the most frontal folds and 
thrusts are most likely to be still growing. Accordingly, 
ground rupture is most likely in these frontal structures 
and less likely in those structures farther back. How- 
ever, even these more internal structures are likely to be 
overpressured, and changes of fluid pressure due to wa- 
ter flooding may produce failure, because the tapered 
wedge is assumed to be on the verge of shear failure 
throughout (Davis etaL, 1983). 

Where the basal decollement in fold-and-thrust 
wedges is composed of material that deforms plastically, 
displacement may not be accompanied by large earth- 
quakes. Where the basal decollement yields by Cou- 
lomb friction, its ability to produce large earthquakes 
may depend on the thickness of the wedge. Where the 
wedge is thick, very large earthquakes may occur 
(Seebere/al., 1981). 
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ABSTRACT 

Alluvial rivers are influenced by changes of valley floor slope, and therefore deformation of the 
valley floor by active tectonics can cause pattern change, aggradation, and degradation, 

Canals have been abandoned owing to uplift in Iran, and major floods and uvulsive shift of the 
Indus River has been attributed to earthquake-generated dams and tilling of the Indus Valley. 
Streams crossing the Monroe uplift in Louisiana and the Wiggins uplift in Mississippi show 
pattern, gradient, and depth changes that indicate that these uplifts are active. The Mississippi 
River shows effects of the Lake County ar.d Monroe uplifts. 

Slow deformation of a valley floor will eventually affect channel stability. This poses hazards 
to structures on or near the river banks as well as to bridges and pipeline and powerline crossings. 
Navigation may be impaired, and the variability of overbank flooding along the river can cause 
legal problems. 


INTRODUCTION 

Alluvial rivers, those that flow between banks and on 
a bed composed of sediment that is transported by the 
river, are sensitive to changes of sediment load, water 
discharge, and variations of valley floor slope (Schumm, 
1977). Therefore, in addition to the dramatic effects 
when stream channels and terraces are offset along 
faults (Wallace, 1967; Stevens, 1974), other more subtle 
effects should be recognizable when deformation is ver- 
tical, slower, and aseismic. 

Many of the major rivers of the world follow structural 
lows and major geofracture systems (Potter, 1978). In 
fact, Melton (1959) suspected that streams that have ad- 
justed to tectonic activity are numerous, and the lower 
Mississippi River and Rio Grande are clearly in areas of 


structural instability as are the lower Amazon, Niger, Ti- 
grus, Euphrates, Rhine, and Indus, among others. The 
high discharge of these rivers should permit them to 
maintain their courses in spite of active tectonics. How- 
ever, large rivers, because of their low gradients, may, in 
fact, be the most significantly affected by the minor 
changes in slope caused by active deformation. 

In spite of the practical significance of active tecton- 
ics, only a few investigators have considered its effects 
on alluvial rivers (Tator, 1958; Schumm, 1972, 1977; 
Adams, 1980; Russ, 1982; Burnett and Schumm, 1983). 
it is possible that this situation exists because variations 
of channel morphology and behavior can also be attrib- 
uted to downstream variations of discharge and to the 
quantity and type of sediment load; therefore, the 
effects of active tectonics are difficult to detect. In ad- 
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dition, the attention of geomorphologists and photoge- 
ologists generally has been concentrated on the 
identification of geologic structures that are assumed n 
be quiescent {Howard, 1967; Ollier, 1981, p. 180; 
rather than on the effect of ongoing deformation on al- 
luvial channels. Nevertheless, geomorphologists work- 
ing in petroleum exploration, e.g., DeBlicux (1951, 
1962) and Tator (1958), indicated that fluvial anoma- 
lies, such as local development of meanders or a braided 
pattern, local widening or narrowing of channels, 
anomalous ponds, marshes or alluvial fills, variations of 
levee width or discontinuous levees, and any anomalous 
curve or turn, arc possible indicators of active tectonics. 
In addition, active tectonics can produce nickpoints, 
convexities or concavities of the longitudinal profile, 
channel depth variations, and, of course, either aggra- 
dation or degradation. 

Another problem is that uctive tectonics takes several 
forms. Deformation can be along faults (shear, normal, 
or reverse in a downstream sense) or pairs of faults (horst 
and graben) . These faults should have the same effect as 
a monocline, dome, or basin. In addition to local struc- 
tural features, the entire valley may be tilted upstream, 
downstream, or laterally. The possibilities are great, 
but, in reality, the primary effect of tectonics will be 
local steepening or reduction of gradient or cross-valley 
tilting. 

In addition to these primary influences on channel 
and valley gradient and configuration, there will be sec- 
ondary effects, as the rivers respond to the changed gra- 
dient (aggradation or degradation), and there will be 
tertiary effects, as decreased or increased sediment loads 
influence reaches downstream of the deformed reach 
and as aggradation or degradation in the deformed 
reach progresses upstream. In addition to tectonic ef- 
fects, there can be similar influences as a result of differ- 
ential compaction of sediments (draping) over buried 
topographic highs. 

TECTONIC EFFECTS 

Where tectonism has been persistent for long periods 
of time active deformation will produce a channel re- 
sponse that will be superimposed on the long-term tec- 
tonic effects. Major valley deformation or total disrup- 
tion of the river system can be the result of long-term 
tectonism. 

Valley Change 

The most commonly cited evidence for deformation is 
the warping of alluvial terraces in a valley. If the defor- 
mation has persisted the oldest terrace is the most de- 
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formed by uplift (convex) or subsidence (concave), and 
it will show the greatest offset by faulting (Machida, 
I960; Zuchiewiez, 1979, 1980). Where there has been 
uplift or subsidence, terraces are warped upward or 
downward, and the extent of the displacement cun be 
determined by comparison with the longitudinal profile 
of the present river if, indeed, the river has adjusted to 
the past deformation. Machida (1960) assumed thut the 
longitudinal profile of a terrace is described by a nega- 
tive exponential function in a downstream direction and 
that deviations from this curve indicate deformation. 
Valley-floor deformation can also he indicated by depth 
to bedrock. Alluvium will be thickest over downfaulted 
or downfolded zones and thinnest over areas of uplift 
(Kowalski and Radzikowska, 1968). 

River Changes 

When uplift is too rapid to lie accommodated by a 
river there will be disruption of the drainage pattern 
(Sparling, 1967; Twidale, 1971, pp. 133-136; Ollier, 
1981). For example, Freund etal. (1968) have evidence 
that movement along the Dead Sea rift in Israel dis- 
rupted streams that formerly drained from Jordan and 
crossed what is now the Dead Sea Valley to the Mediter- 
ranean Sea. Portions of the channels of these rivers are 
now displaced about 43 km as a result of movement 
along the boundary faults of the Dead Sea rift. The Mur- 
ray River on the Riverine Plain near Echuca (Victoria, 
Australia) is an impressive example of channel modifica- 
tion by tectonic activity (Bowler and Harford, 1966). 
The Cadell Fault block has converted the Murray River 
from a single channel to an anastomosing system of 
channels that surround the obstruction. The abandoned 
segment of the Murray River is preserved on the dipslopc 
of the fault block. A particularly active tectonic area is 
the eastern side of the East African rift valley near Lake 
Victoria, Doornkamp and Temple (1966) described the 
formation of lakes in some valleys, as a result of gradient 
reduction, and this could be the first stage of drainage 
disruption, 

In many cases, incising channels will encounter resis- 
tant strata, which may retard or prevent the mainte- 
nance of an antecedent condition. Incised meander pat- 
terns can also indicate deformation because the alluvial 
river pattern is affected by the deformation before it be- 
comes fixed by incision into bedrock (Gardner, 1975), 

EVIDENCE FOR ACTIVE TECTONICS 

The preceding discussion reviews evidence for past 
deformation but not necessarily for active tectonics. 
Modern river and valley-floor morphology and geodetic 
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surveys provide the best geomorpltic evidence of ongo- 
ing deformation. 

In those areas where the rate of deformation is low, 
active tectonics is reflected by geomorphic features that 
react to small changes of slope, for example, the gradi- 
ent of terraces and stream channels and meander char- 
acteristics (Radulcscu, 1962; Neef, 1966). One of the 
most sensitive indicators of change is the valley-floor 
profile and longitudinal profile of the stream (Bcndefy 
etal., 1967; Zuchiewicz, 1979). 

Degradation and aggradation can be evidence of ac- 
tive tectonics, and these processes will be accompanied 
by changes of channel morphology (depth and width) as 
the channel incises or as it aggrades, Therefore, progres- 
sive changes of thalweg or water-surface elevation cun 
provide information on vertical changes of the channel. 
When a long gaging-station record is available, it can be 
used to determine water-surface change with time. 
When the gage height or water-surface elevation for a 
specific discharge [e.g., 100 cubic fcet/sccond (efs)] is 
plotted against time, any rise or fall of the specific gage 
height indicates a change of either channel capacity 
(area) or elevation (see Figure 5.16 below). For exam- 
ple, on the axis of an active uplift both the river bottom 
and water surface at a given discharge should be low- 
ered, as the channel scours in response to increased slope 
(Volkov ct al., 1967). When the water surface and river 
bottom rise through time, either very rapid uplift or a 
decrease of channel capacity by aggradation can be the 
cause. 


Channel Patterns 

Stream patterns are sensitive indicators of valley- 
slope change (Scliumm, 1972, 1977; Schumm et al., 
1972). Adams (1980) demonstrated a relation between 
measured tilt rates and downstream changes of sinuosity 
for the Mississippi River between St. Louis and Cairo 
and for the lower Missouri River. That is, in order to 
maintain a constant gradient a river that is being steep- 
ened by a downstream tilt will increase its sinuosity, 
whereas a reduction of valley slope will lead to a reduc- 
tion of sinuosity. However, Twidale (1966) reported 
that both the Flinders and Leiehardt Rivers have 
changed to a braided pattern as a result of the steepen- 
ing of their gradient by the Sehvyn Upwarp in northern 
Queensland. 

Another cause of meander growth and river shift is 
the lateral or transverse tilting of the valley. In general, 
a river should shift in a downtilt or a downslope direc- 
tion and concentrate its attack on the valley side that has 
been downtilted (Cotton, 1941). Nanson (1980) showed 
that the south-flowing Beatton River in British Colum- 


bia is affected by isostatic tilt to the east, which caused a 
deviation from the normal downstream migration of the 
meanders. The tilting has augmented the easterly di- 
rected flow velocities, thereby resulting in an easterly 
bias to channel migration. However, although meander 
loops tend to migrate toward the east, frequent channel 
cutoffs leave the channel close to the west wall of the 
valley. The Beatton River is confined within a valley 
and is not free to shift laterally for an appreciable dis- 
tance. This is unlike the situation on the Hungarian 
Plain, where the Tiza River lias shifted laterally for long 
distances, as a result of deformation of thesurface of the 
plain (Mike, 1975). 


River Types 

It is not possible to predict consistently the pattern 
and channel changes because different types of alluvial 
channel will respond differently to active tectonics; 
therefore, the characteristics of alluvial channels must 
be reviewed before their potential response can be eval- 
uated. This can best be done by discussing a simple clas- 
sification of alluvial channels that is based on type of 
sediment load (bed load, mixed load, suspended load) 
and pattern (Figure 5.1), 

Five basic channel patterns exist (Figure 5.1). These 
are straight channels with cither migrating sand waves 
(pattern 1) or with a sinuous thalweg and alternate bars 
(pattern 2). There arc two types of meandering chan- 
nels, a highly sinuous channel of equal width (pattern 
3a) and channels that are wider at bends than in cross- 
ings (pattern 3b). The meandering-braided transition 
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FtCUBE 5,i Channel classification based on pattern and type of 
sediment load with associated variable., and relative stability indi- 
cated. From Schumm (1!)8I). 
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(pattern 4) and a typical braided-strcam (pattern 5) 
complete the sequence. The relative stability of these 
channels in terms of their normal crosional activity and 
the shape and gradient of the channels, as related to rel- 
ative sediment size, load, velocity of flow, and stream 
power , are also indicated on Figure 5 . l.lt has been pos- 
sible to develop these patterns experimentally by vary- 
ing the gradient, sediment load, stream power, and type 
of sediment load transported by the channel (Schumm 
and Khan, 1972). 

The range of channels from straight through braided 
forms a continuum (Figure 5. 1), but experimental work 
and field studies have indicated that the pattern changes 
between braided, meandering, and straight occur at 
river- pattern thresholds (Figure 5,2). The pattern 
change takes place at critical ranges of valley slope, 
stream power, and sediment load (Schumm and Khan, 
1972). 

Observed rivers can be placed within the five general 
categories. However, within the meandering stream 
group there is considerable range of sinuosity (1.25 to 
3.0), which is the ratio of channel length to valley 
length. In addition, in the braided-stream category 
there are bar-braided and island-braided channels. Is- 
lands are vegetated bars. There are also multiple chan- 
nel patterns termed anastomosing, anastomosed, or an- 
abranch channels (Schumm, 1977, p. 155; Smith and 
Smith, 1980). In fact, it has been suggested that 14 chan- 
nel patterns can be recognized (Figure 5.3) . 

Experimental studies and field observations confirm 
that a change of valley- floor slope will cause a change of 
channel pattern and dimensions. The change will dif- 
fer, however, depending on (1) where the channel lies 
on a plot such as that of Figure 5.2, (2) the type of chan- 
nel (Figures 5. 1 and 5.3), and (3) the amount and rate of 
deformation. 



FIGURE 5.2 Relation between valley (flume) slope anti sinuosity 
(channel length/valley slope or valley slopc/cliannel slope) during ex- 
periments at constant discharge. Sediment load, stream power, and 
velocity increase with slope, and a similar relation can he developed 
with these variables. From Schumm and Khan (1D72). 


A 



FIGURE 5.3 The range of alluvial channel patterns for the three 
channel types shown in Figure 5.1. A, Red-loud channel patterns; B, 
mixed-load channel patterns; C, suspended-load channel patterns. 
From Schumm (1081). 
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Slight increases of valley slope will shift river patterns 
from left to right on Figures 5.2 and 5.3, as the river 
adjusts its gradient by pattern change. With greater 
changes of valley slope, incision may produce sufficient 
sediment to cause a change from one type of channel to 
another with a metarmrphosis of a mixed-load channel 
to bed-load channel (Figure 5.3). In addition, signifi- 
cant reductions of slope or greatly increased sediment 
loads will produce aggradation and very likely a braided 
channel, as a result of sediment deposition. 

Braided channels are the result of high bed-load 
transport on ste op gradients or of deposition. Therefore, 
a braided channel can be in equilibrium or unstable. 
The anastomosing pattern (pattern 14 of Figure 5.3) is 
still an enigma. It may be a relatively steep gradient sus- 
pended-load channel analogous to the bed-load and 
mixed-load braided channels (Figure 5.3), or it may be 
the suspended-load equivalent of the unstable braided 
channel that forms where overbank flow produces mul- 
tiple channels in a valley. 

In an effort to determine the effects of active tectonics 
on alluvial channels experimental studies were per- 
formed by Ouchi (1983, 1985) and Jin (1984) in a large 
flume (8.5 m X 2.4 m), the center section of which 
could be raised or lowered by hydraulic jacks. Figure 
5.4 summarizes the results for braided and meandering 
channels during uplift and downwarping. Because the 
braided channel could not change its pattern, as a result 
of uplift, it degraded forming terraces. The sediment 
produced by the incision caused aggradation down- 
stream, and the reduced gradient upstream also caused 
aggradation. 

During downwarping the experimental braided 
channel degraded in the upper steepened reach, and it 
aggraded downstream. Adjustment was much slower 
during subsidence because during uplift channel inci- 
sion is concentrated in a channel, whereas adjustment 
by aggradation requires deposition not only in the chan- 
nel but over the valley floor. The aggradation in zones B 
and C reduced downstream sediment loads and induced 
degradation in zone D (Figure 5.4) . 

Adjustment of the meandering channel was as ex- 
pected with increased overbank flooding upstream and 
an increase of sinuosity on the steeper reaches during 
uplift. Jin’s (1984) results alsoshow clearly the meander- 
ing-channel response to uplift (Figure 5.5). 

Note that in each case (Figure 5.4) the secondary re- 
sponse to the primary deformation causes tertiary ef- 
fects in zones A and D both upstream and downstream 
of the zones of deformation (B andC). Figure5.4 is pre- 
sented to illustrate the complexity of the channel re- 
sponse to active tectonics. In each case if the experiment 
had continued without further deformation there 
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FIGURE 5,4 Effect of uplift und .subsidence on braided and mean- 
dering experimental channels. Zones of active deformation (B, C) are 
separated by tile axis of deformation. Zone A upstream and Zone 15 
downstream from I he zones of active deformation show tertiary effects 
of valley slope change. The position of the descriptive term indicates 
generally where the process or channel form is present. Modified from 
Ouehi (1983). 


would be additional channel adjustment. For example, 
in the uplift experiments degradation, which was con- 
centrated at the axis of uplift (Figure 5,4), would have 
extended upstream to at least the boundary between 
zones A and B. 

Alluvial channels are sensitive indicators of change. 
However, they adjust to changes of hydrology and sedi- 
ment load as well as to active tectonics. Therefore, it 
may be difficult to determine the cause of channel 
change because man’s activities and climatic variations 
both act to alter discharge and sediment load during his- 
toric time. Channel pattern change alone is not suffi- 
cient evidence for active tectonics, rather it is one bit of 



FIGURE 5.5 Meandering ehannel pattern change, as a result of up- 
lift in center of figure. A shows meandering channel developed after 
<!0U-li run time, R shows effect of uplift on this 3.5-m reacli of experi- 
mental channel after an additional 100 It. Upstream read) shows evi- 
dence of overbank flooding, development of multiple channels, and 
aggradation. Downstream readi shows increase of meander ampli- 
tude, wavelength, und sinuosity as well as degradation and a cutoff. 
Flow is from left to right. Stippled pattern represents sand on flood- 
plain. Vertical-line pattern represents silt and day deposits on flood- 
plain. From Jin (1984) 
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evidence that must be supported with other morpho- 
logic evidence of aggradation, degradation, or survey 
data. In many areas the evidence will be circumstantial. 
Nevertheless, anomalous reaches that are not related to 
artificial controls or to tributary influences may reason- 
ably be assumed to be the result of active tectonics. 

EXAMPLES 

Examples from the Near East, Pakistan, and the 
lower Mississippi Valley illustrate the impact of active 
tectonics on the effective utilization of rivers and canals. 

Near East 

Where man has built long-lasting structures, active- 
tectonic effects are recorded by displacement of these 
features. For example, in the southeastern corner of 
Iran, the Shaurn anticline forms a range of low hills. 
Folding began in late Pliocene, and it still continues 
(Ambraseys, 1978). In the first or second century A.D, 
two canals were cut across the anticline in order to lead 
water from a canal system on the northeast flank to the 
more extensive and fertile plains on the southwest. 
These channels afford a unique opportunity for measur- 
ing the uplift of the anticlines since the canals were 
built. One canal still carries water, but, where it crosses 
the anticline it has cut down about 3.5 m below its origi- 
nal bed. The other canal has been abandoned. An accu- 
rate survey along its alignment shows that, along the 
anticlinal axis, the bed of the canal has risen at an aver- 
age rate of approximately 1 m per century (Lees, 1955) . 

In the Tigrus and Euphrates Valley, where there is 
active tectonics (Lees, 1955; Adams, 1965; Mirjayar, 
1966), canals have also been abandoned. They show re- 
versed gradients and incision. 

Indus Valley 

There are numerous active faults in the Indus Valley 
(Kazmi, 1979). The most spectacular effect of active 
faulting is due to the Rann of Gutch Fault zone in the 
lower Indus Valley. In 1819 a severe earthquake re- 
sulted in the 6-m uplift of a 16-km-wide and 81-km-long 
tract of alluvial land. This feature was locally known as 
Alah Bund (Oldham, 1926), and it blocked an eastern 
branch of the Indus River. The channel at that time was 
dry, but flow was re-established during a flood in 1828. 

Lyell (1857, p, 462) stated that “for several years after 
the convulsion of 1819, the course of the Indus was very 
unsettled, and at length, in 1826, the river threw a vast 
body of water into its eastern arm, forcing its way in a 
more direct course to the sea, burst through all the artifi- 


cial barriers that had been thrown across the channel, 
and at length cut right through the Alah Bund.” For 
discussion of recent history of the Indus see Holmes 
(1968), and for an interesting hypothesis concerning the 
decline of an Indus civilization see Dales (1966), who 
suggested that one ancient ' d valley city (Mohenjo- 
daro) was flooded as a rr major tectonic activity 

forming a dam in the Inu. alley. This is possible as a 
result of valley-floor warpin b , but not as the result of a 
major natural alluvial dam (Lambrick, 1967). Finally, 
the westward shift of the Indus River during the last few 
thousand years suggests major avulsive changes owing 
to westward tilting of the Indus River valley (Wilhelmy , 
1969). 

Mississippi Valley 

Lake County Uplift The great 1811-1812 earth- 
quakes near New Madrid, Missouri, have created con- 
siderable concern about the possibility of a recurrence. 
Therefore, extensive studies have been carried out in 
this area, and the literature relating to the geophysics 
and geology of the Mississippi Embayment between 
Memphis and Cairo is abundant (McKeown and Paki- 
ser, 1982), 

The area of deformation near New Madrid is referred 
to as the Lake County Uplift (Figure 5.6) . The surface of 
the uplift is as much as 10 m above the general level of 
the Mississippi River Valley. The deformed area has a 
maximum length of about 50 km and a maximum width 
of about 23 km. Its relief is uneven, and the surface is 
dominated by two elongated bulges. 

The Lake County Uplift consists of part of four differ- 
ent geomorphic surfaces, the modern Mississippi mean- 
der belt and three separate Mississippi River braided- 
stream terraces. Lateral migration of the Mississippi 
River during and following the most active periods of 
deformation has eroded a considerable amount of the 
uplifted surface. During great floods of the past, the as 
yet uneroded portions of the Lake County Uplift existed 
as islands on the Mississippi River alluvial plain. 

Russ (1982) cited the following evidence of active de- 
formation of the Lake County Uplift: (1) profiles of the 
Lake County Uplift reveal that the structure is signifi- 
cantly higher than the natural occurring landforms of 
the modern meander belt (Figure 5.7A); (2) the longitu- 
dinal profiles of abandoned river channels and natural 
levees have been significantly warped, some to the ex- 
tent that the original river flow direction has been re- 
versed; (3) the modern floodplain is also warped (Figure 
5.7B); and (4) the Reelfoot scarp vertically offsets aban- 
doned Mississippi River channels, which once flowed 
across the area. 
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FIGURE 5.6 Map of New Madrid region 
showing the Lake County Uplift. From Russ 
(1982). 
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FIGURE 5.7 Longitudinal profiles between Mississippi River miles 845 to 930, Locations are shown on Figures 5,6 and 5,8. A, Natural-levee 
profile and low- water profiles; B, floodplain profile. From Russ (1982). 
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An examination of Figure 5.7 reveals that all the pro- 
files have a similar shape, suggesting that they may be 
the result of the same events. The profiles are convex 
upward, a configuration that is commonly associated 
with uplift, and Russ (1982) concluded that this shape 
may be due to recent and even current deformation. 
Russ also stated that several aspects of the meander pat- 
tern of the Mississippi River suggest control by tectonic 
processes. Above the uplift axis, between Cairo, Illinois, 
and Hickman, Kentucky, the river is currently rela- 
tively straight From Hickman south to Arkansas, how- 
ever, it is sinuous (Figure 5. 8). It is possible that the river 
straightened its course to increase its gradient in an area 
where tilting is reducing it, whereas downstream the 
high sinuosity reflects steepening (Figures 5.2 and 5.3), 
The river is constrained by the topographically high 
Sikeston Ridge to the north and the Tiptonville Dome to 
the south. 

The positio' : of the Mississippi River course within its 
meander belt also suggests the possibility of tectonic in- 
fluence. Between Cairo, Illinois, and Hickman, Ken- 
tucky, and in general between Blytheville, Arkansas, 
and Memphis, Tennessee, the river flows along the east- 
ern edge of its meander belt (Figure 5.8). However, be- 
tween Hickman and Blytheville the river shifts to the 
west. It is conceivable that the river has been deflected 
to the west as a result of the uplift. However, old maps 



FIGURE 5.8 Map of Mississippi Valley between Memphis, Tennes- 
see, and Cairo, Illinois. 
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indicate that the position of the river in 1785 is similar to 
that of today. Thus, any significant tectonic deflection 
must have occurred before 1765. 

The effect of the New Madrid earthquake on the Mis- 
sissippi River provides an extreme example of the ter- 
tiary effects of active tectonics on a major river during a 
long period of time. For example, Walters and Simons 
(1984) studied the history of the river, and they summa- 
rized as follows*. From 1765 to the winter of 1811-1812 
the lower Mississippi was a graded river, and there were 
four neck cutoffs during that period. Beginning on De- 
cember 16, 1811, and continuing intermittently 
through February 1812, the New Madrid earthquake 
shocks caused bank caving, which introduced tremen- 
dous quantities of sediment into the channel. The most 
severe caving occurred in the reach from the confluence 
of the Ohio and Mississippi Rivers to below Blytheville, 
Arkansas (Figure 5,8). The increased sediment load 
caused excessive shoaling, enlargement of islands, and 
at some locations new islands and point bars were 
formed. During the years following the earthquake 
(1818-1874), the sediment began to move gradually 
downstream. This increase in sediment load caused re- 
duction in meandering, and the number of cutoffs dou- 
bled, From 1875 to 1932 the number of neck cutoffs de- 
creased. Above Osceola the introduction of sediment 
was almost instantaneous, and the response was the for- 
mation of a wider aggrading channel. Below Osceola 
the response was a steepening of the gradient by mean- 
der cutoffs and sinuosity reduction. 

From the examination of gaging-station records and 
especially specific-gage relations, Walters and Simons 
(1984) concluded that the lower Mississippi River chan- 
nel from above New Madrid, Missouri, to Red River 
Landing, Louisiana, was aggrading after about 1880, 
perhaps as a result of the sediment introduced by the 
New Madrid earthquakes. 

Monroe Uplift The Monroe Uplift, the extent of 
which is defined by deformed Cretaceous and Tertiary 
strata, is a dome approximately 120 km in diameter. It is 
situated mostly in northeastern Louisiana (Figure 5.9), 
but it extends into southeastern Arkansas and west cen- 
tral Mississippi (Wang, 1952). Its eastern-most exten- 
sion includes the Mississippi River between Greenville 
and Vicksburg, 

Geologic evidence that the Monroe Uplift was active 
since the Tertiary has been presented by several authors. 
Veatch (1906) discussed the existence of two active lin- 
ear structures, which pass through the uplift. He further 
claimed that recent movement along the west end of the 
flexure has resulted in the formation of a series of shoals 
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FIGURE 5,9 Index map showing location of Monroe (M) and Wig- 
gins (W) Uplifts. 



FIGURE 5.10 Index map of Monroe Uplift. From Burnett and 
Schumm (1983). 


on the Sabine and Angelina Rivers and swamping of an 
area in the Angelina River Valley in eastern Texas. 

The uplift consists of the Boeuf and Tensas Basins as 
well as Macon Ridge and the Mississippi River from mile 
450 to 530. The basins are composed of large back- 
swamp areas crossed by several old Arkansas River 
channels with well-developed natural levees. Macon 
Ridge in the center of the uplift is composed of five mid- 
Wisconsin glacial out wash terraces (Saucier and Fleet- 
wood, 1970), which form a narrow, north-south trend- 
ing, elongated area of high ground. 

Several streams — Ouachita River, Bayou Bartholo- 
mew, Boeuf River, Big-Colewa Creek, Bayou Macon, 
and Deer Creek (Figure 5.10)— that cross the Monroe 
Uplift in northeastern Louisiana and generally parallel 
the Mississippi River were studied by Burnett (1982). 
They flow generally to the southwest across the uplift, 
and they locally occupy old abandoned courses of the 
Arkansas River. 

’’’be Mississippi River has a highly irregular thalweg 
profile through the Monroe Uplift (Winkley, 1980). The 
thalweg slope is significantly reduced or even reversed 
in part of the uplift zone. At river mile 485, the mean 
thalweg slope is - 0.00004, but it increases downstream 
to + 0.0001. This suggests that deformation is occurring 
and that it is affecting a major river. 

Evidence of recent surface movement on the Monroe 
Uplift is indicated by precise geodetic surveys. The geo- 
detiesurveys do not cross the uplift axis, but they suggest 
uplift of the southern part of the area between 1934 and 
1966 (Burnett, 1982), The longitudinal profiles of Pleis- 
tocene and Holocene terraces show convexities, which 
are due to uplift. If the Monroe Uplift is still active to- 
day, the modern stream and valley-floor profiles should 
exhibit the effects of the uplift similar to those shown by 
terrace profiles. Indeed, valley profiles of the Monroe 
Uplift streams shows an obvious zone of upward convex- 
ity (Figure 5.11). 

Comparing the amounts of vertical deformation of 
the terraces and floodplains in the Monroe Uplift area to 
their ages of formation provides a means of estimating 
contemporary rates of uplift in this area. By this 
method, the convexity in the oldest and highest Macon, 
Ridge terrace profile (Qtb\) indicates that about 3.8 m 
of vertical deformation has occurred at the uplift axis 
since this terrace was formed (Figure 5,11). Saucier 
(1970) estimated the age of this terrace to be 33,000 yr 
old, Therefore, the maximum rate of uplift is estimated 
to be about 1,0 mm per year during the last. 33,000 yr, 
For the other profiles the rates vary from 0.01 to 
1.4 mm/yr. 

Sinuosity for the five rivers is plotted with reference to 
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FIGURE 5.11 Longitudinal valley profiles of streums crossing the 
Monroe Uplift, and Mueon Ridge, which is a remnant of a Pleistocene 
Mississippi River terrace, From Burnett andSchunim (1083). 
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FIGURE 5.12 Variations of sinuosity along six streams crossing the 
Monroe Uplift. Distance above and below uplift axis is shown. Down- 
stream is to the right. Arrows indicate axis of uplift* and cross hatching 
shows zones of modern uplift. From IlurneLl (1932) „ 


the position of the uplift axis (Figure 5. 12) , In each case 
sinuosity increases as the axis is approached or crossed. 
Where sinuosity is high above the axis, there is a de- 
crease of sinuosity as the axis is approached (Bayou 
Bartholomew). The results are as suggested by Figures 
5.2 and 5.3. 

To examine the variability of the channel-bed eleva- 
tion and also changes in the bank height along the 
streams that cross the Monroe Uplift, channel thalweg 
elevations were plotted in relation to the valley distance 
along Boeuf River and Big Colewa Creek (Figure 5.13). 
These projected channel profiles are not affected by 
changes in sinuosity because the thalweg elevation (or 
low water elevation) at a given location is plotted with 
reference to valley distance rather than channel distance 
(Burnett, 1982). 

In Figure 5.13, the difference in the elevation of the 
projected channel profile and that of the valley profile at 
a given location represents the depth of the channel be- 
low the valley surface at that location. The reaches with 
large differences in elevation between the valley surface 
and channel (high banks) are those where the channel 
has downcut or degraded. Also, where average bank 
height is small the channel has not degraded, or it has, in 
fact, aggraded. The projected channel profiles do not 
parallel the valley profiles, indicating that varying 
amounts of degradation or aggradation have occurred 
along the channel. The Boeuf River has apparently com- 


pensated for the uplift, but the Big Colewa Creek profile 
contains a major convexity (Figure 5.13). At the axis of 
the uplift and in the downvalley zone of the uplift, the 
average bank heights are, in general, high (11 to 13 m 
for the Boeuf River and 6 m for Big Colewa Creek). 
These observations indicate that degradation has oc- 
curred at and below the uplift axis, but above the axis 



VALUEV DISTANCE FROM MOUTH (Km) 

FIGURE 5,13 Valley and projcctcd-clianne! profiles of Boeuf River 
and Big Colewa Creek. From Burnett (1082). 
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FIGURE 5.14 Effect of Monroe Uplift on Rig Colewa Greek, A, 
Change of channel depth. Three readies show different degrees of re- 
sponse to uplift, 13, Change of channel gradient and slope of valley 
floor, C, Change of sinuosity. From li nr nett and Selnimni (19S3). 
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FIGURE 5, 15 Vertical benchmark movement along a National Ge- 
odetic Survey route between Jackson, Mississippi, and New Orleans, 
Louisiana. From Brown and Oliver (1976) with permission of the 
American Ccnphysical Union. 


degradation has yet to affect the profile of Big Colewa 
Creek. 

The Big Colewa Creek channel can be used to sum- 
marize the effect of uplift on an alluvial channel. It can 
be divided into three zones of activity along its valley 
(Figure 5. 14 A). The lower zone, from the mouth to val- 
ley km 32, has a high average bank height of about 6 m. 
The middle zone, from valley km 32 to 65, shows a clear 
upstream decrease in the average bank height from 6 to 
2 m. The upper zone, above valley km 65, has a constant 
low average bank height of 2 m. Degradation may have 
occurred in the lower zone, whereas entrenchment is 
still in progress in the middle zone, and in the upper 
zone entrenchment has not yet occurred. 

Figure 5. 14B shows changes in valley slope and chan- 
nel thalweg slope with valley distance. The valley slope 
remains high from the mouth to valley km 40, and then 
it suddenly decreases. The break in slope, at valley km 
40, defines the apparent location of the uplift axis. The 
thalweg slope is high from the mouth to valley km 55, 
and then it also suddenly decreases. The fact that the 
two curves do not coincide suggests that the channel has 
incised through the axis of uplift. 

Sinuosity is approximately 1.2 in the upstream stretch 
of Big Colewa Creek (Figure 5.14C). Downstream be- 
tween valley km 50 and 55, sinuosity increases to about 
1.7, and then it gradually decreases to 1.5 at the mouth. 

In summary, numerous relations between the mor- 
phology of the streams and terraces and the underlying 
Cretaceous and Tertiary structures of the Monroe Uplift 
indicate that the area is still active tectonically. The pat- 
terns of changes and the present stream morphology 
provide information on the response of streams to active 
uplift within their valleys, 

Wiggins Uplift In contrast to the Monroe Uplift, ac- 
tive displacement of the Wiggins Uplift (Figure 5.9) is 
clearly displayed by geodetic surveys (Figure 5.15). 
Bogue Homo Creek is analogous to Big Colewa Creek in 
ibis area, and it displays similar morphologic differ- 
ences. Above the axis of uplift the channel is anastomos- 
ing, and the main channel is relatively straight. Imme- 
diately below the axis the channel has incised below the 
former floodplain to form a low terrace, and sinuosity is 
higher. Numerous cutoffs have occurred, and locally 
braided reaches have developed as a result of increased 
sediment loads resulting from incision. 

A gaging station on Tallahala Creek provides evi- 
dence of channel incision at an average rate of 12 min/yr 
since 1940 (Figure 5.16). This is three times the rate of 
measured uplift; however, a channel probably adjusts 
episodically to continuous uplift (Ouchi, 1983). 

A factor that makes comparison of channel behavior 
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FICURE 5. 1C Specific gugo plot for Tallahala River near Runnels- 
lown, Mississippi. The water-surface elevution was determiner! for u 
specific discharge of 78 cfs for each year of record. This discharge is 
base flow and reflects change of hud elevation. From Burnett and 
Schumm (1083). 

difficult is the size or the energy of the channel. Small 
channels such as Big Colewa Creek and Bogue Homo 
Creek have been unable to keep pace and incise across 
the uplift axis. Streams of intermediate size such as Tal- 
lahala Creek have incised across the axis, but their long 
profile still shows a convexity. Large rivers such as the 
Pearl River (19,900 km 3 ) have been able to keep pace 
with the uplift, and its projected-channel profile is rela- 
tively straight, although terraces and the valley floor are 
deformed (Figure 5.17). Above the axis of uplift tile 
Pearl River is not anastomosing, but it has developed a 
new floodplain below the axis of uplift, and the former 
floodplain is a low terrace. 

Changes of channel morphology' can frequently be at- 
tributed to tributary contributions of water discharge 
and sediment load, but on the Monroe and Wiggins Up- 
lifts, the patterns of channel change are related to active 



FIGURE 5.17 Longitudinal profiles of terraces and floodplain and a 
projected-chunnel profile of the Fearl River, u major river crossing the 
Wiggins Uplift. A projected-channel profile is a plot of channel-bed 
elevation against valley distance, which eliminates the effect of sinuos- 
ity of thcchunnel long profile. From Burnett and Schumm (1983). 
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tectonic deformation of the alluvial valley of streams 
crossing the uplifts (Burnett, 1982). 

Mississippi River In the preceding discussion of the 
Mississippi River Valley, three areas of active tectonics 
have been identified, the Lake County Uplift, the Mon- 
roe Uplift, and the Wiggins Uplift. Russ (1982) demon- 
strated an effect of the Lake County Uplift on the Missis- 
sippi River gradient and pattern. Maps (Fisk, 1944) of 
the old Mississippi River meander courses show that the 
Mississippi River has maintained very high sinuosity val- 
ues in this area during the last 2000 to 6000 yr (Figure 
5.18). 

Winkley (1980) discussed the possible effects of the 
Monroe Uplift on the past and present morphology 1 of 
the Mississippi River in the vicinity of Greenville Bridge 
(mile 531.3), where the Monroe Uplift lias exposed Ter- 
tiary bedrock in the Mississippi River channel near 
Greenville. Meander loops have grown and cut off at the 
same location several times, and the sinuosity has been 
consistently high near Greenville (Figure 5.18). In this 
sinuous zone, the Mississippi River has shifted laterally 
across the Yazoo Clay, being unable to cut through it. 
Watson et al. (1984) suggested that the Wiggins Uplift 
has increased sinuosity farther south near Natchez (Fig- 
ure 5. 18). 

As the average slope of the Mississippi River low-wa- 
ter surface is about 56 mm per river kilometer, with 
even slow uplift rates of from 3 to 5 mm/yr the effects on 
this great river can be significant, Studies are under way 
to determine the extent of the effects of active tectonics 
on this major commercial artery, Obviously if there is a 
significant influence on the river, it will have implica- 
tions for navigation, flood control, and the taxpayer. 

SIGNIFICANCE 

Some alluvial rivers are currently adjusting to active 
tectonics, and this must be considered as an additional 
explanation for river instability. Furthermore, geomor- 
phic studies provide independent support for the results 
of the National Geodetic Survey resurveys because river 
response to uplift conforms to that expected from field 
and experimental studies of river morphology else- 
where. 

As noted above, active tectonics can be responsible for 
aggradation, degradation, channel avulsion, and pat- 
tern change, both downstream and upstream of the de- 
formed reach. Therefore, the net result of active tecton- 
ics is unstable river reaches that are characterized by 
incision, deposition, bank erosion, meander cutoffs, or 
the development of meandering, braided, or anasto- 
mosing patterns (Figure 5.4). 





92 


STANLEY A. SCHUMM 


FIGURE 5.18 Variations of Mississippi 
Hiverslnuosity below Cairo, Illinois, as deter- 
mined from maps prepared in 170-1, 1820- 
1830, 1881- 1893, and 1930-1932. Note consis- 
tently hit'll values of sinuosity in reaches 
affected by Lake County Uplift (Cairo, Illi- 
nois-Carutliersville, Missouri); Monroe Upl i ft 
(Greenville, Mississippi); and Wiggins Uplift 
(?) below Nalel.cz, Mississippi. From 
Schuinm etal. (1982), 
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Navigation can be affected by aggradation and the 
development of bars. Bank erosion, incision, and pat- 
tern change can impact riparian use and cause loss of 
valuable structures (bridges, loading docks) as well as 
agricultural land and homes. The frequency of over- 
bank flooding will be increased in reaches of aggrada- 
tion and reduced gradient. Changes in the frequency of 
overbank flooding through a zone of active tectonics 
will change the position of "‘ordinary high water,” 
which is usually a legal boundary, and this may lead to 
confusion and litigation concerning the location of the 
river bank. 

If rivers are affected by active tectonics then obvi- 
ously canals will be. Canals are usually constructed to 
carry relatively clear water on gentle slopes. As in the 
Middle East, a slight warping can seriously affect the 
efficiency of the canal (Leary cl al., 1981), 

The evidence of river response to active tectonics can 
be used to evaluate the tectonic stability of hazardous 
waste-disposal sites, For example, in addition to the cri- 
teria presented earlier, studies of salt domes in eastern 
Texas suggest that the Oakwood Salt Dome may be ac- 
tive because channels on the central dome are incised up 
to 4 m, and there are three abandoned channel reaches 
that suggest lateral movement of the channels away 
from the dome (Collins el al., 1981), Furthermore, as In 
the past, fluvial evidence can be used to identify those 
areas most favorable for exploration for gas and oil , The 
geomorphic techniques can be used to aid in planning 
geophysical surveys and the selection of drilling sites. 


Active tectonics in some areas has had a disastrous ef- 
fect. Earthquakes in the upper Indus Basin have trig- 
gered massive landslides that impounded vast amounts 
of water that eventually overtopped the natural dam 
and caused catastrophic flooding downstream. In addi- 
tion, valley-floor deformation could lead to major 
avulsi ve shifts of a river. The effects discussed herein are 
primarily related to aseismic deformation, but it is this 
slow deformation that has been ignored when river be- 
havior is studied. Clearly more detailed studies of the 
effects of active tectonics on alluvial rivers are needed to 
establish the within-channel hydraulic changes that can 
be expected and the engineering response that is re- 
quired to mitigate the detrimental effects on river stabil- 
ity and use. 
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INTRODUCTION 

Between one-third and one-half of the Earth’s marine 
coastlines lie along or near tectonically and seismically 
active plate boundaries (Inman and Nordstrom, 1971), 
Many of the world’s major population centers lie along 
these active coastlines and, therefore, are vulnerable to 
adverse impacts of large earthquakes, Fortunately, 
there has been remarkable progress over the past two 
decades in the field of coastal tectonics, the study of re- 
cent crustal deformation and paleoseismicity in coastal 
regions. Of particular importance is progress in estab- 
lishing earthquake recurrence, dating recent fault activ- 
ity, and measuring rates of recent crustal deformation, 
all of which are crucial in determining earthquake po- 
tential and assessing seismic hazards and risk. Much of 
the recent progress in coastal tectonics stems directly 
from the development of new dating techniques that 
have led to a better understanding of Quaternary [past 2 


million years (m.y.)] sea-level fluctuations and their re- 
lationship to marine strandlines (abandoned or relict 
marine shorelines), which are among the most numer- 
ous and widespread tectonic markers in the Quaternary 
geomorphic record (Figures 6.1, 6.2, and 6,3), 

Sea level is the common and unifying element of 
coastal tectonics, Present sea level, the universal datum 
for measuring elevation, is the most convenient refer- 
ence for detecting ongoing vertical crustal movement 
and assessing short-term tectonic stability in coastal 
areas. Accordingly, coastal tectonics often includes 
analysis of tide-gauge data (Figure6.4) and other histor- 
ical and archeological information that might reveal ap- 
parent sea-level changes. Past sea levels derived from 
the geologic record comprise a composite datum for 
measuring long-term crustal movement. Consequently, 
coastal tectonics also includes mapping and dating ma- 
rine strandlines and separating the vertical crustal 
movements from the past sea-level fluctuations they si- 



FIGURE 6.1 Emergent murine strandlines form steplike terraces on the Palos Verdes Peninsula of southern Culifurniu. These and similar 
strandlines on tectonically active coastlines record both crustal uplift and maior gtacio-euslntic seu-lcvel fluctuations (see Figtue 6.6). The lowest 
strandline terrace is about 100 ka and the highest is about 1000 ka. The highest point on the peninsula is about -150 rn above sea level. Modified from 
Davidson (1889). 
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multaneously record. Because marine strandlincs are 
the physical records of past sea levels, the study of sea- 
level history is an integral part of coastal tectonics. 

Time-transgressive sequences of displaced and de- 
formed Pleistocene [2 m.y. to 10,000 yr (10 ka) ago] ma- 
rine strandlines document patterns of and, where dated, 
yield rates of continual, long-term cruscal deformation 
(Figures 6.1 and 6.2). Sequences of emergent Holocene 
(past 10 ka) strandlines (Figure 6.3), which occur only 
along the most rapidly uplifting coastlines, commonly 
record abrupt coseismic uplift events of 1-15 m (see Fig- 
ures 6.25-6,28 below) that cumulatively comprise the 
long-term deformation recorded by Pleistocene 
strandlines. Consequently, sequences cf Holocene 
strandlines often record past earthquakes and, where 
dated, yield earthquake periodicity and provide a 
means of forecasting future seismic events. In many 
areas, apparent sea-level changes documented by tide- 
gauge records (Figure 6.4) or subtle shifts in the location 
of the modern shoreline reflect ongoing vertical crustal 
movement. Frequently, this movement is opposite in 
sense to long-term trends and, therefore, may represent 
postearthquakc crustal relaxation or pre-earthquake 
strain accumulation. 

Coastal tectonics includes the study of both onshore 
(emergent) and offshore (submergent) marine strand- 
lines and structural features. However, offshore coastal 
tectonics is a highly specialized field and is beyond the 
scope of this brief review, which focuses mainly on the 
formation and deformation of emergent marine 
strandlines and stresses their importance in determining 
the style and measuring the rates of recent crustal defor- 
mation, especially in highly active coastal regions. Most 
examples of strandline displacement and deformation 
cited in this review reflect sustained tectonic processes, 
but a few, included mainly for comparative purposes, 
reflect transitory volcanic and glacio-isostatic crustal 
deformation. 

COASTAL MORPHOLOGY AND TECTONIC 

SETTING 

On global and regional scales coastal morphology 
correlates closely with tectonic setting (Inman and 
Nordstrom, 1971). The greatest geomorphic contrast is 
between the subdued coastlines along passive continen- 
tal margins and the rugged coastlines along convergent 
plate boundaries. Along most coastlines modern (active) 
coastal landforms are similar to their Pleistocene coun- 
terparts, which suggests that current tectonic and 
coastal processes have been fairly uniform over consid- 
erable periods of time. 

Most exposed coastlines along passive continental 



FIGURE 6,2 Cross-sectional profiles of emergent Pleistocene 
strandline terraces, 

A, Erosional slrandlines near Santa Cruz, California. Solid line is 
existing topographic profile. Dashed line represents original profile of 
each strandline terrace, which consists of a relict wave-cut platform 
backed by a relict sea cliff. The intersection of the platform and the sea 
cliff is the shoreline angle, which closely approximates the paleoshorc- 
line. Seaward thinning wedges of alluvial sediment derived from the 
degrading sea cliffs overlie the wave-cut platforms. A 120-ka 
strandline was removed from this section when the next lower (10-1 ka) 
platform was cut; the 120-ka strandline occurs a few kilometers north 
of this site and is projected onto this cross section. The three lowest 
strandlincs were dated hy paleontological, amino acid, and gcomor- 
plile technhpios. The average uplift rate (0,35 rn/ka) was derived from 
the vertical displacement (28 in) of tile 82-ka slrandline. The three 
highest slrandlines were dated by extrapolation of this uplift rate and 
by numerical analysis of the progressively gentler slopes of successively 
higher (older) relict sea cliffs. Modified from I lacks id til, (198-1). 

B, Depositional strandline terraces on the Huoil Peninsula, Papua 
New Guinea. Each platform is a relict coral reef. U-serics dates on 
fossil corals from these strandlincs yield u history of glacio-euslatic 
fluctuations that serves as a tectonic datum for measuring vertical tec- 
tonic movements on other coastlines throughout the world (see Figure 
6.6). The maximum average uplift rate of A m/ka on the I luon Penin- 
sula was derived from the maximum vertical displacement (500 m) of 
the 120-ka slrandline. Note that the three lowest strandlincs on the 
Santa Cruz coastline correlate with the three highest strandlincs in this 
sequence. Modified from Chappell (197‘ta). 
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FIGURE 6.3 Cross-section ul profiles of Holocene Strandlines. 

A, Erosional terraces on the Roso 1’eniasulu of Honshu, Japan. 
These strandlines, unlike their Pleistocene counterparts, represent pe- 
riodic coseismic uplift events, not sea-level fluctuations (see Figures 
6.7, 6.25, 6.26, 6.27, and 6,28), The lowest platform (IV) records up- 
lift thut accompanied two major earthquakes in 1703 and 1923, and 
the three highest strandlines were dated by radiocarbon analysis of 
fossil shells. The average uplift rate is 3.9 m/ka (see Figure 6.25). Mod- 
ified from Mutsuda c.t al. (1978). 

B, Depositional strandlines (beach ridges) at Tc Araroa on North 
Island, New Zeuland, Each ridge most likely represents a storm event 
not a coseismic uplift event. If uplift events ure recorded in this se- 
quence of strandlines, they are indistinguishable from storm events. 
The average uplift rate derived from the highest beach ridge (6 ka) is 
1 m/ku. Modified from Garrick (1979), 


margins consist of broad coastal plains bordered off- 
shore by wide conti nental shelves and gentle continen tal 
slopes. These relatively stable coastlines are character- 
ized by depositional landforms such as broad sandy 
beaches and offshore barrier bars and at low latitude' by 
broad coral reefs. The southeast coast of North America 
and the northeast coast of Australia are typical passive- 
margin coastlines with low-to-moderate topographic 
relief and subdued depositional landforms. Much of the 
former is bordered offshore by barrier bars (Oaks and 
Du Bar, 1974), and most of the latter by extensive coral 
reefs (Hopley, 1983). 

Long-term tectonic stability along most passive-mar- 
gin coastlines is expressed stratigraphically by unde- 
formed continental and marine sediments that underlie 
flat coastal plains and continental shelves and 
geomorphically by broad accretionary strandline ter- 
races that consist of subdued beach ridges separated by 
abandoned tidal flats (Oaks and Du Bar, 1974) . How- 
ever, rapid sediment accumulation, such as at the 
mouth of a large river, may isostatically depress an oth- 


erwise stable passive-margin coastline (Figure 6.4C) 
(Fisk and McFarlan, 1955; Hicks and Crosby, 1974). 
Also, occasional large earthquakes, such as the 1886 
Charleston, South Carolina, seismic event on the Atlan- 
tic coast of North America (Hays and Gori, 1983), indi- 
cate that passive continental margins are not completely 
aseismic, even though there is little stratigraphic or geo- 
morphic evidence in these areas of recent, near-surface 
crustal deformation. 

In contrast to the subdued coastlines along passive 
plate boundaries, most coastlines along or near active 
continental margins consist of coastal hills or mountains 
bordered offshore by narrow continental shelves and 



FICURE6.4 Tide-gauge records. 

A, San Francisco, California — the secular drift of this record (-2 
mm/yr) is similar to that found in other parts of the world and, there- 
fore, probably represents eustatic rise in sea level . 

B, Juneau, Alaska — the extreme apparent drop in sea-level repre- 
sents crustal uplift due to either tectonic uplift or residual glncio-eu- 
stutic rebound. 

C, Mississippi delta — the apparent rise in sea-level represents sub- 
sidence due lo sediment compaction and isoslatic adjustments of the 
crust to the sediment load of tile Mississippi delta. The eustatic rise (2 
mm/yr) was subtracted from the relative rates to obtain the uplift and 
subsidence rates. Modified from Hicks and Crosby (1974). 
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deep submarine trenches, particularly in the circum-Pa- 
cific region. These tectonically active coastlines are 
characterized by rugged erosional landforms such as 
steep sea cliffs and rocky headlands, islands and sea 
stacks. However, at low latitudes coral reefs commonly 
form narrow depositional platforms even along rugged 
coastlines (Figure 6.2B)(Chappell, 1974a), The moun- 
tainous west coast of South America is an active-tectonic 
coastline that geomorphically reflects regional crustal 
uplift and subsidence related to rapid plate convergence 
and resultant subduction along the offshore Feru-Chile 
Trench (Plafker, 1972). The hilly-to-mountainous coast 
of California in western North America is an active- tec- 
tonic coastline that geomorphically reflects slower re- 
gional uplift and local basin subsidence related to 
oblique plate convergence and resultant large-scale, 
right-lateral displacement across the San Andreas Fault 
system . 

Long-term crustal instability along most active-tec- 
tonic coastlines is expressed strati graphically by folded 
and faulted marine sediments that fill youthful struc- 
tural basins and geomorphically by narrow uplifted and 
deformed Pleistocene Ji-andline terraces that notch 
steep coastal slopes (Figures 6.1 and 6.2). Short-term in- 
stability along extremely active coastlines is expressed 
geomorphically by emergent Holocene strandline ter- 
races (Figure 6.3) and by dramatic changes in the loca- 
tion and configuration of modern shorelines that result 
from rapid vertical crustal movements (Figure 6.4). 
Most of the Earth’s seismicity occurs along or near ac- 
tive-tectonic coastlines (Tarr, 1974), and many large 


earthquakes in these areas are recorded geomorphically 
by emergent Holocene slrandline terraces (Figure 6.3A; 
also see Figures 6.25-6,28 below). 

The subdued coastlines bordering the shallow epicon- 
tinental seas in North America (Hudson Bay) and Fen- 
noscandia (Bay of Bothnia) are exceptions to the general 
rule that coastal regions undergoing rapid crustal defor- 
mation are characterized by marked topographic relief. 
However, the rapid crustal uplift recorded so dramati- 
cally by sequences of highly emergent Holocene 
strandlines in these recently deglaciated areas reflects 
transitory isostatic rebound (see Figure 6.10 below) not 
sustained tectonic deformation. 

MARINE STRANDLINES 

Marine strandlines are the geological and historical 
records of former sea levels. In the geologic record ma- 
rine strandlines are the depositional and erosional re- 
mains of abandoned marine shorelines (Figures 6.1, 6.2 
and 6.3) , and in the historical record they are most com- 
monly tide-gauge measurements (Figure 6.4) or high- 
water marks on man-made coastal structures. 

A strandline, or a sequence of strandlines, is a relative 
sea-level record that potentially represents both real and 
apparent sea-level changes (Figure 6.5): 

relative = real + apparent. (6.1) 

Real sea-level changes are absolute vertical movements 
of the ocean’s surface and may be local to worldwide in 
extent; if worldwide, they are called eustatic changes. 


At PLEISTOCENE 


Bt HOLOCENE 


FIGURE 6.5 Relative, apparent, and 
real sea-level changes. 

A, Late Pleistocene. 

B, Holocene, 

All sea-level records (strandlines or tide- 
gauge measurements) are relative, which 
means they potentially represent both appar- 
ent and real sea-level changes (relative = real 
+ apparent). Apparent sea-level changes are 
the inverse of the vertical crustal (or ground) 
movements that produce them and, there- 
fore, are the focus of all coastal tectonic stud- 
ies, The apparent seu-level history is obtained 
by ulgebraically or graphically subtracting 
the real sea-level history from the relative re- 
cord of marine strandlines. In effect, the real 
sea-level history is a composite tectonic datum, 
level record. In this case, the uplifting coastline 
strandline; D is the vertical displacement (D 



The real sea-level history is obtained by subtracting apparent sea level changes from a relative sea- 
ls a mo ving seu-level datum. E is the present elevation of u strandlinc; e is the original elevation of a 
E - e); A is the age of a strandlinc; R is the crustal displacement rate (/i = DIA). 
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FIGURE 6,6 Pleistocene sen-level fleet mi- 
lieus unci origin of emergent Pleistocene 
strandlines. Emergent strandlines simultane- 
ously record tectonic uplift and major sea- 
levc! highstands. Tlie rising coastli ne is amov- 
ing strip churl on which sea-level highstunds 
are recorded sequentially as strandlines 
whose ages increase with elevation. The slope 
(ft) of the diagonal line connecting each high- 
stand to the elevation of its strundlinc is the 
average uplift rate. If the uplift rate was con- 
stant, the uplift lines for all strandlines are 
tl 300 300 too o parallel, Strundlincs formed during low- 

stands are usually destroyed by subsequent 

sea-level fluctuations and rarely appear in the emergent geologic record. Strandlines younger than 60 ka appear above sea level only where the uplift 
rate is greater than 1 m/ka. The sea-level fluctuation curve was derived from a sequence of U-scries dated coral-reef strandlines on the Muon 
Peninsulu, Papua New Guinea (Figure 6.2B) by subtracting tectonic uplift from the relutive strandline record (Figure 6.5A). Sea-level curve 
modified from Chappell (1983): oxygen- isotope stages (1-9) from deep-sea cores (Shuckleton and Opdyke, 1973), 


Quaternary sea-level history was characterized by peri- 
odic eustatic fluctuations of 100-150 m caused by the 
advance and retreat of continental glaciers. Apparent 
sea-level changes are not real but result from and are the 
inverse of vertical ground movements. Consequently, 
apparent sea-level changes are only local or regional in 
extent. 

The primary task in coastal tectonics is separating the 
apparent component from the real component of a rela- 
tive sea-level record. This is done graphically or alge- 
braically by subtracting the real sea-level history from a 
relative sea-level record: 

apparent •= relative - real. (6.2) 

In effect, the real sea-level history is a fluctuating tec- 
tonic datum to which each strandline (tectonic marker) 
must be correlated by age (Figures 6.5, 6.6, and 6.7). 

The real sea-level history is obtained by subtracting 
apparent sea-level changes (the inverse of vertical 
crustal movements) from a detailed and well-dated rela- 
tive sea-level record (Figure 6.5): 

real = relative - apparent. (6.3) 

In this case, the tectonic history is an absolute sea-level 
datum andean be either moving or stationary. A rapidly 
and steadily rising coastline is the best datum for mea- 
suring major, long-term sea-level fluctuations (Figures 
6. 5 A and 6.6) (Chappell, 1983), whereas a stable coast- 
line is the best datum for measuring minor, short-term 
sea-level changes (Figures 6.5B and 6.7) (Bloom, 1970; 
Scholl et al., 1970). Generally, the greatest uncertain- 
ties in most long-term sea-level histories derived from 
strandline data stem from the simplifying assumption of 
constant uplift. However, on a tilted coastline where 


Pleistocene strandlines converge, constant long-term 
uplift at a particular locality can be demonstrated em- 
pirically (Chappell, 1983), The greatest uncertainties in 
short-term sea-level histories stem from the assumption 
of coastal stability. Where short-term stability at a 
coastal locality cannot be demonstrated by independent 
geodetic data, subtle sea-level changes can be expressed 
in only relative terms. An additional complication is 



FIGURE 6.7 Holocene sea-level changes and origin of emergent 
Holocene strandlines. In contrast to Pleistocene strandlines, emergent 
Holocene strandlines represent discrete uplift events or storm events, 
not sea-level fluctuations. The highest strandline correlates with the 
tangent point at the sea-level inflection between 7 ka and 5 ka BP. All 
lower strandlines represent two paleoshorelines, one occupied during 
the transgressive phase and one during the regressive phase (see Figure 
6.SB for relative sea-level changes). The sea-leve! curve is general 
and may vary slightly from region to region owing to minor geoidal 
distortions. 
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that different measurement techniques (e.g., geodetic, 
tide gauge) occasionally yield conflicting results for 
short-term sea-level changes (Brown, 1978). 

Pleistocene Strandlines 

Along steep coastal slopes in uplifting areas Pleisto- 
cene strandlines occur most commonly as narrow 
(< 1 km), steplike terraces within a few hundred meters 
above present sea level. Consequently, a vertical se- 
quence of uplifted strandline terraces resembles a flight 
of stairs (Figures 6.1 and 6.2). Each strandline terrace 
consists of a virtually horizontal erosional or deposi- 
tional platform backed by a steep sea cliff along its land- 
ward margin. The shoreline angle, the intersection of 
the relict platform and sea cliff, closely approximates 
the location and elevation of the abandoned marine 
shoreline and is the linear structural marker depicted on 
most longitudinal profiles of deformed strandlines (for 
examples see Figures 6.SA, 6.13, 6.17, 6.20, and 6.21). 
The shoreline platform, also referred to as the terrace 
platform, is the planar tectonic marker depicted on 
most cross-sectional profiles and detailed isobase maps 
of deformed strandlines (Figures 6.2 and 6.3A; also see 
Figures 6. 19 and 6.21 below). 

Commonly, a thin (1-3 m) veneer of shallow-water 
sand, gravel, and cobbles, which locally contains fossil 
marine shells used for dating, overlies the terrace plat- 
form. Where subaerial slope degradation is rapid, a sea- 
ward-thinning prism of alluvium derived from upland 
streams and abandoned sea cliffs overlies the platform 
and its associated marine sediments and buries the 
shoreline angle (Figure 6.2A). In these areas the geo- 
morphic expression of successively higher (older) Pleis- 
tocene strandline terraces is progressively subdued, and 
the position and configuration of both the shoreline an- 
gle and the terrace platform must be derived from bore- 
hole or shallow seismic data (see Figure 6,21 below) 
(Bradley and Griggs, 1976; Lajoieef al,, 1979b). How- 
ever, in some areas the progressively greater degrada- 
tion of successively older relict sea cliffs provides a 
means of dating emergent strandlines (Figure 6.2A) 
(Hanks et al., 1984). Along gentle coastal slopes in 
slowly uplifting areas emergent strandlines commonly 
consist of broad (1-10 km) terrace platforms backed by 
low sea cliffs obscured by relict beach ridges and dune 
fields (Hoyt and Hails, 1974; Lajoieef al., 1979a). 

A general consensus has developed over the past two 
decades that a flight of emergent Pleistocene strandlines 
is the geologic record of periodic glacio-eustatic sea- 
level highstands superimposed on a rising coastline (Fig- 
ure 6.6) (Broecker et al., 1968; Mesolella et al., 1969; 
Matthews, 1973). In this model, a rising coastal land- 


mass is a moving strip chart on which brief sea-level 
highstands were successively recorded as depositional or 
erosional strandlines. Strandlines also formed during 
sea-level lowstands (Emery, 1958; Lewis, 1971a,b, 
1974; Ridlon, 1972), but along uplifting coastlines most 
of these strandlines were destroyed by wave erosion dur- 
ing subsequent sea-level fluctuations and, therefore, 
rarely appear in the emergent marine record (Figure 
6.6). An important exception is found in the deeply in- 
cised sequence of emergent strandline terraces on the 
Huon Peninsula of Papua New Guinea, where sea-level 
lowstands are recorded as deltaic accumulations pre- 
served beneath a protective cover of coral reefs depos- 
ited during subsequent sea-level highstands (Chappell, 
1974a, 1983). Along many subsiding coastlines, 
strandlines formed during sea-level lowstands probably 
dominate the submergent geomorphic record out are 
difficult to distinguish from strandlines formed during 
highstands (Moore and Fornari, 1984). 

The most detailed tectonic datum for deriving uplift 
from emergent Pleistocene strandlines on coastlines 
throughout the world is the paleosea-level curve ob- 
tained by subtracting well-documented constant tec- 
tonic uplift from the relative sea-level record of emer- 
gent coral-reef strandlines on the Huon Peninsula of Pa- 
pua New Guinea (Figures 6.2B and 6.6) (Veeh and 
Chappell, 1970; Bloom et al., 1974; Chappell, 1983). 
There, uranium-series dates on fossil corals yield a pa- 
leosea-level curve back to about 340 ka before present 
(BP) that agrees with longer, but less detailed, sea-level 
curves derived from emergent coral-reef strandlines on 
the island of Barbados in the West Indies (Broecker et 
al., 1968; Mesolella et al., 1969; Matthews, 1973; 
Bloom et al., 1974; Bender et al., 1979) and from oxy- 
gen-isotope data from deep-sea cores (Shackleton and 
Opdyke, 1973). The uplift rate (maximum 4.Q m/ka) of 
the Huon Peninsula was derived from the elevation of 
the prominent 120-ka strandline that formed 2-10 m 
above present sea level during the last major interglacial 
sea-level highstand (Thurber et al., 1965; Veeh, 1966; 
Ku et al., 1974; Neumann and Moore, 1975; Marshall 
and Thom, 1976; Stearns, 1976; Harmon et al., 1978; 
Shubert and Szabo, 1978; Szabo et al., 1978; Szabo, 
1979). The most important features of the New Guinea 
palsosea-level curve as a tectonic datum are the periodic 
interglacial highstands at approximately 100 ka inter- 
vals and thesuccessively lower interstadial highstands at 
approximately 20 ka intervals over the past 120 ka. Vir- 
tually all Pleistocene strandlines along emergent coast- 
lines throughout the world were formed during these 
brief paleosea-level highstands. The longer paleosea- 
level records on Barbados and in the deep-sea cores indi- 
cate that the main 100-ka cycle of interglacial high- 
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stands extends back to at least 700 ka (Shackleton and 
Opdyke, 1973; Bender et al., 1979), 

Morner (1976, 1983) argued that no locally derived 
Pleistocene sea-level curve should be used as a world- 
wide tectonic datum because the sea surface, an approx- 
imate geoid or equipotential gravitational surface, is 
grossly distorted by gravitational fluctuations on a time 
scale of 10-100 ka. If correct, this supposition implies 
that major, glacially induced changes in ocean volume 
were expressed by neither synchronous nor uniform sea- 
level fluctuations. However, similar absolute ages of 
Pleistocene strandlines on emergent coastlines through- 
out the world and, more importantly, similar elevations 
of sea-level highstands on several independently derived 
late Pleistocene sea-level curves demonstrate that, 
within reasonable margins of uncertainty (±5 ka and 
±10 m; Stearns, 1976, 1984; Harmon et al., 1979; 
Chappell, 1983), major sea-level fluctuations were syn- 
chronous and relatively uniform over at least the past 
300 ka, and most likely much longer (Veeh and Valen- 
tine, 1967; Bloom et al., 1974; Konishi et al., 1974; Ku 
and Kern, 1974; Moore and Samayajulu, 1974; Chap- 
pell and Veeh, 1978; Harmon et al . , 1978; Marshall and 
Launay, 1978; Bender et al., 1979; Dodge et al., 1983; 
Ward, 1985; also see references on elevation of 120-ka 
highstand in preceding paragraph). Also, reasonable 
graphical correlations of undated strandline sequences 
in Japan (see Figure 6.14 below) (Miyoshi, 1983), New 
Zealand (W. Bull, University of Arizona, personal com- 
munication, 1983), and California (Hanks et al., 1984) 
with 120-ka to 40-ka highstands on the New Guinea pa- 
leosea-level curve indicate that strandlines from all four 
areas were synchronous and had a common datum. An 
apparent exception is found along the southeast Atlantic 
coast of North America, where the ages, but not the rel- 
ative heights, of late Pleistocene highstands agree with 
paleosea-Ievel data from New Guinea and other parts of 
the world (Belknap, 1979; Cronin et al., 1981). How- 
ever, the discrepancies of 20-30 m found along this pas- 
sive continental margin may represent subtle tectonic or 
isostatic crustal movements not regional sea-level varia- 
tions. In any event, although rapid geoidal distortion is 
a potential problem that requires further investigation, 
most existing data indicate that geoidal distortion could 
not have been significant over late Pleistocene time. 
Consequently, there is no compelling reason not to use 
the New Guinea sea-level curve worldwide as a first- 
order tectonic datum, at least over the past 120 ka. 

Because virtually all emergent Pleistocene strandlines 
were formed during sea-level highstands (Figure 6.6), 
the task of dating a particular strandline is reduced to 
correlating it with a specific peak on the New Guinea 
paleosea-level curve using one or more absolute (iso- 


topic) or relative (geomorphic, paleontologic, and 
chemical) dating techniques (Chappell and Veeh, 1978; 
Kennedy el al., 1982; Sutherland, 1983; Hanks et al., 
1984). Uranium-series analyses of fossil corals yield the 
most reliable absolute dates for Pleistocene strandlines 
(Broecker and Bender, 1973; Harmon et al., 1979), but 
because fossil corals are virtually restricted to tropical 
latitudes, less- reliable dating techniques must be used at 
higher latitudes. 

Frequently, only one or two Pleistocene strandlines in 
an emergent sequence can be dated independently, but 
the ages of other strandlines can be inferred from the 
resultant uplift rate (Chappell and Veeh, 1978; Hanks 
etal., 1984; Ward, 1985), Occasionally, an entire se- 
quence of undated late Pleistocene strandlines can be 
correlated with the paleosea-level curve by trial and er- 
ror if different, but constant, uplift rates are assumed; 
the best graphical correlation of strandline elevations 
and paleosea-level highstands simultaneously yields the 
most reasonable uplift rate and strandline ages (see Fig- 
ure 6.6). In effect, the uplift rate itself is a useful dating 
tool, even if not independently derived. However, in 
some complexly deformed coastal areas no strandlines 
can be dated confidently using this graphical technique 
(Weber, 1983), which suggests that the uplift rate var- 
ied with time. Generally, for strandlines dated between 
700 ka and 200 ka BP by either absolute or relative tech- 
niques the uncertainty in correlation with the Pleisto- 
cene paleosea-level curve is at least one major glacio- 
eustatic cycle (±100 ka), and for strandline dated 
between 120 ka and 30 ka the uncertainty is commonly 
one minor cycle (±20 ka) (Harmon etal., 1979; Stearns, 
1984). 

The best-preserved and most reliably dated Pleisto- 
cene strandlines along most emergent coastlines corre- 
late with the 120-ka, 104-ka, and 82-ka sea-level high- 
stands (see Figure 6. 11B below). These three highstands 
correlate with deep-sea oxygen-isotope substages 5e, 5c, 
and 5a, respectively (Shackleton and Opdyke, 1973; 
Chappell, 1983), and their strandlines are often referred 
to by these alphanumeric designations. Strandlines that 
correlate with younger (lower) highstands appear in the 
emergent geologic record only where uplift rates are suf- 
ficiently high (>0.3-1. 0 m/ka) to elevate them above 
present sea level (Figure 6.6). Along most erosional 
coastlines some emergent Pleistocene strandlines are 
missing or are laterally discontinuous owing to sea-cliff 
retreat during the formation of younger strandlines (see 
Figures6,17B and 6.20A below). Generally, strandlines 
older than 400 ka are poorly preserved owing to sub- 
aerial slope degradation and stream incision; exceptions 
are found on stable or slowly rising coastlines where 
strandlines as old as 2.4 m.y. are commonly preserved 
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(Ward, 1985). In areas of rapid uplift (greater than 4 
m/ka), subaerial erosional processes are greatly acceler- 
ated and strandlines older than 120 ka are rarely pre- 
served. However, in areas of rapid uplift the fine struc- 
ture of late Pleistocene sea-level history is most clearly 
and completely recorded by strandlines younger than 
120 ka (Chappell, 1983). 

Holocene Strandlines 

Radiocarbon dates on fossil wood, peat, and shell 
from sedimentary deposits on continental shelves and in 
shallow coastal embayments throughout the world indi- 
cate that sea level stood about 100-150 m below its 
present position during the last glacial maximum be- 
tween 20 ka and 15 ka BP, and then rose rapidly to 
within 4-6 m of its present position by about 7-5 ka BP as 
the major ice sheets retreated at the end of Pleistocene 
time (Bloom, 1977) . Although sea-level changes over the 
past 5 ka may have varied regionally owing to minor 
geoidal distortion and hydro-isostatic crustal loading 
(Clark et ah, 1978), the most reliable data indicate that 
sea level has not fluctuated significantly (±2m), nor has 
it been higher than its present position, over this period 
of time (Figure 6.7) (Thorn et al ., 1969; Bloom, 1970; 
Scholl et al,, 1970; Omoto, 1979; Faure et al., 1980; 
Thom and Roy, 1983; Sneh and Klein, 1984; Gibb, in 
press). Consequently, Holocene strandlines, unlike 
Pleistocene strandlines, do not represent eustatic sea- 
level fluctuations but rather episodic crustal movements 
or major storm events. However, the highest strandlines 
in most Holocene strandline sequences usually represent 
the sudden and drastic decrease in postglacial sea-level 
rise between 7 ka and 5 ka BP (Figure 6.7). Along ero- 
sional coastlines emergent Holocene strandlines form 
and survive only where crustal uplift is sufficiently rapid 
(>l-2 m/ka) to offset the destructive effects of subse- 
quent wave erosion. However, along prograding coast- 
lines depositional strandlines survive even where there is 
little or no crustal uplift (Figure 6.3B) (Schofield, 1973, 
Garrick, 1979). 

Most emergent Holocene strandlines of both erosional 
and depositional origin are similar in configuration to 
their Pleistocene counterparts but usually are smaller in 
scale, finer in geomorphic expression, and better pre- 
served (Figure 6.3). Also, because of their relatively 
youthful age, most Holocene strandlines lie within tens 
rather than hundreds of meters above present sea level, 
even along the most rapidly uplifting coastlines. In pro- 
tected embayments and near the mouths of large 
streams and rivers, Holocene strandlines commonly 
consist of bouldery to sandy beach ridges that are rela- 
tively imprecise paleosea-level indicators (Figure 6.3B) 
(Schofield, 1973; Garrick, 1979). However, along many 


wave-resistant coastlines with small tidal ranges (less 
than 1 m) emergent Holocene strandlines consist of hori- 
zontal solution notches and faint waterlines on rocks 
and sea cliffs that are extremely precise paleosea-level 
indicators (Machida et al., 1976; Pirazzoli et at., 1982). 
Along some recently uplifted coastlines, strandlines con- 
sist of horizontal hands of fossil intertidal sessile organ- 
isms such as barnacles, which are also precise paleosea- 
level indicators (Sawamura, 1953) even in areas with 
large tidal ranges (Piafker, 1965). In the historical re- 
cord, emergent Holocene strandlines most commonly 
consist of points on tide-gauge records (Figures 6.4 and 
6.9B) (Hicks and Crosby, 1974; Berrino et al. , in press), 
but in a few areas they consist of waterlines and burrows 
of intertidal organisms on recently uplifted or down- 
dropped man-made coastal structures (see Figure 6. 9 A 
below)(Grant, 1970; Flemming, 1972; Berrino et al. , in 
press). 

Along many rapidly uplifting coastlines, prehistoric 
Holocene strandlines are similar to strandlines produced 
by abrupt vertical crustal movements associated with 
major historical earthquakes (Sugimura and Naruse, 
1954; Piafker, 1965; Wellman, 1969; Matsuda et ah, 
1978). This similarity suggests that ail emergent Holo- 
cene strandlines are of coseismic origin. However, along 
stable or steadily uplifting coastlines, both erosional and 
depositional strandlines probably form during infre- 
quent major storms (Schofield, 1973; Garrick 1979; Hil- 
laire-Marcel, 1980). A major uncertainty in deriving a 
history of paleoseismicity from a sequence of emergent 
Holocene strandlines is that coseismic and storm-pro- 
duced strandlines may be indistinguishable. Conse- 
quently, if coseismic and storm-produced strandlines 
occur together (Sandweiss and Rollins, 1981; Lajoie 
et al. , 1982a), the number of past earthquakes could be 
overestimated from the geologic record. On the other 
hand, wave erosion may remove coseismic strandlines 
from the geologic record (see Figure 6.27B below) 
(Piafker et ah, 1981), in which case the number of earth- 
quakes represented by a sequence of emergent Holocene 
strandlines could be underestimated. 

Because of minor regional or subregional geoidal dis- 
tortions, local hydro-isostatic adjustments, variable 
oceanographic conditions (currents, water tempera- 
ture, salinity), and climatic fluctuations, there is proba- 
bly no locally derived late Holocene sea-level curve that 
can be used as a precise universal tectonic datum for 
measuring minor (less than 2 m) vertical crustal move- 
ments (Clark et ah, 1978; Newman et ah, 1978). At 
best, a locally derived curve is a regional tectonic da- 
tum. However, data from coastlines throughout the 
world indicate that relative sea-level changes greater 
than 2-4 m over the past 6 ka are either apparent (caused 
by tectonic and isostatic crustal movements or sediment 
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compaction) or spurious (caused by reworking or con- 
tamination of dated fossil materials), not real. There- 
fore, present sea-level or a generalized sea-level curve 
(Figure 6,7) is often used as an approximate tectonic da- 
tum for measuring late Holocene crustal movements, es- 
pecially where rates of deformation are very high (see 
Figures 6.25, 6,26, and 6.27 below) (Matsuda et al., 
1978; Plafkerand Rubin, 1978; Plafker et al , , 1981). 

Most Holocene strandlines in the geologic record are 
dated directly or indirectly by radiocarbon techniques. 
However, the sudden and drastic decrease in the sea- 
level rise between 7 ka and 5 ka BP occasionally leads to 
incorrect or misleading radiocarbon dates on fossil ma- 
terials (particularly marine shells) from emergent Holo- 
cene strandlines. This potential problem exists because 
all but the highest strandline in a sequence of emergent 
Holocene strandlines represent two different pa- 
leoshorelines — a transgressive shoreline older than 
about 6 ka and a regressive shoreline younger than 6 ka 
(Figure 6.7). Consequently, marine shells deposited on 
the older, transgressive shoreline could be reworked into 
sediments deposited on the younger, regressive shore- 
line. 

On the other hand, the two-part configuration of the 
Holocene sea-level curve provides an independent 
means of approximating the ages of emergent Holocene 
strandlines and deriving minimum uplift rates. On a 
plot of strandline elevation versus sea-level history (Fig- 
ure 6.7), the straight line connecting the elevation of the 
highest strandline on the vertical axis and the tangent 
point at the break on the sea-level curve represents the 
average uplift since that strandline formed. The coordi- 
nates of the tangent point are the tentative age and origi- 
nal elevation of the highest strandline, and the slope of 
the line is the tentative average uplift rate. If constant 
uplift is assumed, interpolation of the uplift rate yields 
age estimates for any lower strandlines (see Figure 6.28 
below) (Wellman, 1969). Because the highest Holocene 
strandline on most coastlines represents the break in sea- 
level rise, its age is usually between 7 ka and 5 ka, de- 
pending on the uplift rate; because the break is rounded, 
the age of the highest strandline increases from 5 ka to 7 
ka as the uplift rate increases. However, if subsequent 
cliff erosion destroyed the 7-5-ka strandline, the highest 
surviving strandline would be somewhat younger. Ob- 
viously, other dating techniques are needed to test for 
this possibility. 

STRANDLINE DISPLACEMENT AND 

DEFORMATION 

Regional patterns of vertical strandline displacement 
(uplift or subsidence) and deformation (folding and 
faulting) commonly reflect primary tectonic processes 


(subduction and rifting) related directly to horizontal 
plate motions. Important exceptions are found in the 
northernmost continental areas of North America and 
Europe where regional patterns of latest Pleistocene and 
Holocene strandline displacement reflect major but 
transitory isostatic responses of the crust and mantle to 
geologically recent glacial unloading. 

Local patterns of strandline displacement and defor- 
mation generally involve minor tectonic structures 
(folds, faults, horsts, andgrabens) that reflect secondary 
tectonic processes related to subregional stress patterns. 
Available data indicate that most secondary and some 
primary tectonic deformation recorded by marine 
strandlines extends no farther than a few tens of kilome- 
ters inland from the coastline. In many areas, vertical 
ground displacements on a local scale also reflect non- 
tectonic processes such as volcanic tumescence (Kaizuka 
et al., 1983; Berrino et al., in press), isostatic adjust- 
ments due to sediment accumulation (Fisk and 
McFarlan, 1955), and sediment compaction due to nat- 
ural processes (Atwater et al., 1977) or fluid extraction 
(Poland, 1971; Buchanan-Banks et al., 1975), In many 
cases, especially those involving minor vertical displace- 
ments, it is difficult, if not impossible, to distinguish tec- 
tonic from nontectonic apparent sea- level changes. 

It is noteworthy that on both local and regional scales 
sequences of marine (and lacustrine) strandlines consti- 
tute the longest and most detailed and areally extensive 
records of late Quaternary crustal deformation. Indeed, 
the magnitudes and rates of tectonic, isostatic, and vol- 
canic processes derived from deformed and displaced 
strandlines are commonly used as references for com- 
paring and interpreting tectonic data from less complete 
or shorter records in other geological environments. 

Vertical Displacement 

Because marine strandlines define horizontal lines 
and planes (where curved or closed), they record verti- 
cal crustal displacements (uplift or subsidence) more 
clearly than horizontal displacements. Net vertical dis- 
placement (D) is the difference between the present ele- 
vation (E) and the original elevation ( e ) of a strandline 
and is also the product of the strandline’s age (A) and the 
average displacement rate (R) (Figure 6.5): 

D - E - e - AH. (6,4) 

The average displacement rate (R) is the displacement 
(D; E - e) of a strandline divided by its age (A): 

R = Dl A = (E - e)IA. (6.5) 

An isobase is a locus of points on a planar tectonic 
marker (a marine platform or a plane defined by a 
curved or closed strandline) along which the vertical 
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displacement rate (11) is equal (see Figures 6.12, 6.15A, 
6.16A, 6.18, and 6.21 below). The history of vertical 
crustal displacements at a coastal locality is derived 
graphically by plotting the displacement (D) of each in- 
dependently dated strandline as a function of its age (A) 
(Figure 6.5). The resultant locus of points is the appar- 
ent sea-level history, which, as stated previously, is the 
inverse of the displacement history. If this locus of points 
defines a straight line, the displacement rate ( R ), which 
is the inverse of the slope of the line, was constant. If it 
does not define a straight line, the displacement rate was 
variable (see Figures 6.9A and 6.1GB below). Com- 
monly, only one strandline in a sequence can be dated 
independently, and, therefore, only an average dis- 
placement rate can be derived from a relative sea-level 
record. 

A plot of strandline elevation ( E ) as a function of age 
(A) yields the relative sea-level history, which is the in- 
verse of the approximate displacement history where 
vertical displacements are large compared to sea-level 
changes, Frequently, uplift histories based on highly 
emergent Holocene strandlines (see Figures 0.25, 6.26, 
and 6,27 below) or very old Pleistocene strandlines 
(Bender et ah, 1979) are approximated by relative sea- 
level curves. In other words, present sea level can be 
used as an approximate datum, 

The presence of emergent marine strandlines along 
most active-tectonic coastlines suggests that crustal up- 
lift is more common than subsidence. However, subsi- 
dence is probably underestimated merely because most 
geologic evidence for downward crustal movements is 
buried in sedimentary basins (Atwater et ah , 1977) or is 
submerged offshore (Lewis, 1974), Many studies of 
long-term crustal movements in coastal areas focus on 
uplift mainly because the emergent strandline record is 
better exposed and easier to interpret than the submer- 
gent record. 

Most long-term crustal movements recorded by ma- 
rine strandlines reflect sustained tectonic deformation 
along active plate boundaries, but the most rapid 
known rates of vertical crustal displacement reflect 
transitory volcanic tumescence and glacio-isostatic re- 
bound. Both processes are noteworthy primarily for 
comparative purposes, but also because they are, them- 
selves, related to tectonic processes in various ways. 

Volcanic Displacements The highest known rates of 
sustained vertical ground displacement exceed 100 mm/ 
yr and are recorded by marine strandlines on the Hanks 
of active insular and coastal volcanoes. For example, on 
the island of Iwo Jima, the tip of a large volcano in the 
western Pacific Ocean, radiometrically and historically 
dated emergent strandlines yield an average uplift rate 



FIGURE 6,8 Recent volcanic uplift of Iwo Jima, a volcanic island 
1200 km south of Tokyo, Japan. 

A, Longitudinal strandline profiles. The strandline labeled 1779 
was the active shoreline mapped in 1779 by the crew of the English 
explorer. Captain Cook. The age and maximum elevation of this 
strandline yield an average uplift rate of 200 mm/yr, which is similar 
to the rale of 170-240 mm/yr derived from radiocarbon dates of 0.5-0. 7 
ka on the 1 10-m strandline. The well-defined strandlines were formed 
by wave action during brief pauses in uplift or during periodic storms. 

B, Average uplift rates derived from 110-m (0. 5-0.7 ka) and 40-m 
(0.2 ka) strandlines. Tide-gauge data record variable uplift that 
reached 800 mm/yr over the past 80 yr. Both modified from Kaizuka et 
ul. (1983). 

of 200 mm/yr over the past 800 yr (Figure 6.8) (Kaizuka 
et ah , 1983). However, tide-gauge data suggest that up- 
lift rates on the island probably fluctuated between 100 
and 800 mm/yr over this period of time (Figure 6.8B), 
during which only minor phreatic eruptions are known 
to have occurred (Corwin and Foster, 1959). 

An even longer record of vertical ground displace- 
ments related to volcanic processes is found in the Phle- 
graean Fields caldera on the Mediterranean coast near 
Naples, Italy, where historically dated strandlines on 
man-made structures document alternating subsidence 
and uplift that averaged 12 mm/yr over the past 2 ka 
(Figure 6.9) (Berrino et a/., in press). However, uplift 
and subsidence exceeded 150 mm/yr for a few decades 
before and after a minor eruption in A.D. 1538. Tide- 
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gauge records at Pozzuoli, a coastal suburb of Naples, 
yield uplift rates of 350 and 500 mm/yr for two brief 
periods between 1970 and 1983 (Figure G.9B), which 
suggests that another eruption is imminent. However, 
the data from Iwo Jima indicate that rapid uplift and 
even short surges of extremely rapid uplift are not by 
themselves definite indicators of imminent eruption. 

Glacio-Isostatic Displacements Highly emergent 
latest Pleistocene and Holocene marine (and lacustrine) 
strandlines in the deglaciated areas of northern North 
America and Europe record the highest known rates of 
regional vertical crustal displacement (Figure G.10). 
Around Hudson Bay in Canada (Farrand and Gajda, 



FIGURE 6.9 Recent volcanic displacements at Pozzuoli, a coastal 
suburb of Naples, Italy, in the Phlegracan Fields caldera. 

A, Vertical displacement based on historical data such as water 
marks on Roman buildings. Mount Nuovo, a small cinder cone 
nearby, erupted in A.D. 1538, about 40 yr after the uplift rate in- 
creased from 10 mm/yr to about 100 mm/yr. The general subsidence 
that followed this small eruption has now reversed. 

B, Tide-gauge data ut Pozzuoli Harbor from 1970 to 1983, During 
two brief periods (1970-1973 and 1982-1983) uplift reached 800 mm/ 
yr. Because of this rapid uplift, Increased fumerolc activity, and 
ground cracking, parts of Pozzuoli have been evacuated in anticipa- 
tion of another eruption. Modified from Berrinoe/n/, (in press). 
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FIGURE 6.10 Postglacial isostatic rebound curves derived from 
dated marine and lacustrine strnndlincs. 

A, Relative sea-level changes (minimum apparent sca-lcvel 
changes), Gulf of Bothnia, Scandinavia, Modified from Lund(|\'lst 
(1965). 

B, Apparent sea -level changes, Hudson Bay, North America. Modi- 
fied from Farrand and Cujdu (1962). 

In both areas crustal movement is the inverse of the curves. Regional 
crastal uplift exceeded 100 m/ka shortly after deglaciation in both 
areas. 


1962; Andrews, 1970; Peltier and Andrews, 1983) and 
the Gulf of Bothnia in Fennoscandia (Lundqvist, 1965; 
Donner, 1965, 1980), which were the regions of thickest 
ice accumulation during the last major glacial advance, 
rates of postglacial isostatic rebound reached 100 m/ka 
(100 mm/yr) between 13 ka and 7 ka BP and decreased 
quasi-exponentially to the present rates of 6-9 mm/yr 
(Barnett, 1966; Balling, 1980). Even thase rates of resid- 
ual glacio-isostatic rebound are extremely high com- 
pared with most ratas of vertical tectonic displacement. 
Along the margins of these deglaciated areas, Holocene 
strandlines and tide-gauge data record complex histo- 
riesof rapid subsidence as well as uplift, which probably 
reflect the collapse and inward migration of a crustal 
forebulge peripheral to the retreating ice front (Grant, 
1980; Morner, 1980; Clagueef ah, 1982). 
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In some deglaciated areas rapid vertical crustal move- 
ments recorded by strandiines probably reflect tectonic 
as well as isostatic processes (Grant, 1970; Mathews et 
ah, 1970; Clague et ah, 1982; Anderson et ah, 1984), 
and in a few areas the two processes apparently interact. 
For example, in western Scotland successively older 
emergent Holocene strandlines arc offset progressively 
greater amounts across a series of local vertical faults 
(Sissons and Cornish, 1982), which indicates that the 
rate of glacio-isostatic rebound differed on either side of 
each fault. Also, in both North America and Europe, 
concentrations of recent seismic activity are closely asso- 
ciated with residual glacio-isostatic adjustments (Oliver 
et ah, 1970; Morner, 1978, 1980; Thompson el ah, 
1983; Anderson ci ah, 1984), Apparently, even residual 
isostatic movements trigger earthquakes along zones of 
crustal weakness, even in areas of relative tectonic sta- 
bility. Rapid glacio-isosiatie displacements are also im- 
portant in a general tectonic context because they yield 
valuable information on the strength of the Earth’s crust 
and the visco-elastic properties of the underlying mantle 
(Walcott, 1970; Peltier and Andrews, 1983). 

Tectonic Displacements In marked contrast to the 
extremely rapid rates of volcanic and glacio-isostatic 
crustal displacement (>100 m/ka), the highest known 
rates of sustained vertical tectonic displacement re- 
corded by marine strandiines are only 4 to 10 m/ka (Fig- 
ure 6.11). Furthermore, these rapid displacement rates 
are recorded only by Holocene and latest Pleistocene 
strandlinei, which suggests that they are of fairly lim- 
ited duration, Also, virtually all rapid tectonic displace- 
ments recorded by marine strandlines occur along the 
axes of youthful anticlines above thrust-type faults in 
compressional tectonic regimes. Consequently, rapid 
vertical displacements of tectonic origin mainly reflect 
secondary deformation and are of limited importance in 
studies of regional crustal movements. However, be- 
cause these rapid displacements are usually produced by 
episodic coseismic uplift events that are sufficiently 
large (1-15 m) to be expressed in the geologic record as 
emergent Holocene strandiines, they are extremely im- 
portant in studies of paleoseismicity (see Figures 6.25- 
6.28 below). The episodic nature of rapid displacements 
recorded by marine strandiines suggests that maybe all 
tectonic deformation occurs in discrete increments. If 
this model is correct, these increments are too small or 
too infrequent at low deformation rates to be clearly ex- 
pressed or preserved in the long-term geologic record. 

Data from emergent Pleistocene strandiines through- 
out the world indicate that most rates of long-term tec- 
tonic uplift are less than 2 m/ka (Figure 6.11B), even 
along rapidly converging plate boundaries. Evidently, 




FIGURE 6. 1 1 Rules of vertical crustul displacement (uplift only), 

A, Holocene: IJ, Iwojtina, volcanic uplift included for comparative 
purposes (Kuizuka clal., 1083); Cll, Crete (Angclier, 1070); Z, Zagros 
(Vita-Finzi, 1070); B, Bahrein (Ridley and Seeley, 1070); MI, Middle- 
ton Island (P!afl(er and Rubin, 1078); IC, ley Cape (Plafker cl ah, 
1081); M, Makrun (Page cl al., 1070); T, Turukirae (Wellman, 1069); 
BP, Boso Peninsula (Matsudac/ a!., 1078; MF, Miller Flat; OH, Ocean 
House; V, Ventura; (Lajoic cl ah, 1982a, 1983); O, Osado, K, Kosado 
(Tainura, 1979); MP, Muroto Peninsula (Kanaya, 1078); KJ, Kikai 
Jima (Nukuta et ah, 1978). 

B, Pleistocene: NZ, New Zealand (Wellman, 1079); V, Ventura 
(Lajoic et ah, 1982b); A, Arauco (Kuizuka el ah, 1 073) ; HP, Huon 
Peninsula (Chappell, 1083); W, Wairarapa (Cnlini, 1978); KJ, Kikai 
Jima (Konlstli cl ah, 1974); MV, Murolo (Yoshlkawu el ah, 1964); O, 
Osado: K, Rosado (Tamura, 1979); MMB, Half Moon Bay (Lajoic cl 
ah, 1979b); SC, Santa Cruz (Hanks cl al,, 1984); HI, Royalty Islands 
(Marshall and Launay, 1978); TA, Taaanaki (Pilluns, 1083); T, Ti- 
mor; AT, Atuuro (Chappell and Veeh, 1978); II, Haiti (Dodge of ah, 
1983); B, Barbados (Bender et ah, 1970): AH, Arroyo Hondo; CO, 
Cojo; Al, Algeria; IV, Isla Vista; SM, Santa Monica (Lujoie andSnrna- 
Wojcicki, 1982); PL, Point Loma (Ku and Kern, 1974); J, Jamaica 
(Moore und Samayajulu, 1974); BA, Bahamas (Neumann and Moore, 
1975); Y, Yucatan (Szabo et ah, 1978); BE, Bermuda (Harmon et ah, 
1979, 1981); Q, Queensland (Ward, 1985). 
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in most areas isostatic adjustments arc sufficiently rapid 
to compensate for {and thus prevent) higher rates of ver- 
tical crustal movement on a regional scale. 

Although most short-term, vertical tectonic displace- 
ments recorded by Holocene marine strandlines are epi- 
sodic or otherwise variable {see Figures 6.25-6.28 be- 
low) (Matsuda et ah, 1978; Plafker and Rubin, 1978; 
Plafker et ah, 1981), most average, long-term displace- 
ments recorded by Pleistocene strandlines appear to be 
relatively constant, at least over the past 100-500 ka 
(Bloom et ah, 1974; Konishi el ah, 1974; Moore and 
Samayajulu, 1974; Chappell and Veeli, 1978; Bender el 
al., 1979; Harmon et ah, 1981; Dodge et ah, 1983; 
Chappell, 1983; Hanks et ah, 1984). Along some slowly 
uplifting coastlines, strandline data indicate that verti- 
cal displacement was fairly constant over the past 2-2.5 
m.y. (Ward, 1985). Constant uplift can be demon- 
strated by comparing actual strandline elevations with 
those predicted by assuming constant uplift and using 
the New Guinea sea-level curve as a tectonic datum, 
Close agreement supports both the assumption of con- 
stant uplift and, of course, the assumption that the sea- 
level curve was a common tectonic datum. 

Along a few coastlines, strandline data indicate that 
long-term tectonic uplift was clearly variable. For ex- 
ample, in the Christchurch area on the island of Barba- 
dos radiometricaliy dated Pleistocene strandlines yield 
an average uplift rate of 0.5 m/ka between 300 ka and 
200 ka BP, and a lower rate of 0,3 m/ka after 200 ka BP 
(Bender et ah, 1979). Interestingly, in tile nearby Saint 
George’s Valley area uplift was relatively constant and 
averaged 0.3 m/ka over the past 640 ka. 

Where data from marine strandlines and other tec- 
tonic markers are sufficiently abundant, regional com- 
pilations of vertical crustal movements provide valuable 
insights into both local and regional tectonic processes, 
Regional data are most conveniently and clearly ex- 
pressed planimetrically by isobases (Figure 6, 12) (Re- 
search Group for Quaternary Tectonics Map of Japan, 
1969; Dambara, 1971; Wellman, 1979). Not surpris- 
ingly, most long-term regional isobases closely mimic 
general topographic contours, which simply means that 
the highest uplift rates occur in mountainous areas and 
the lowest rates or subsidence occur in low-lying re- 
gions. Usually, short-term isobases derived from histori- 
cal information (tide-gauge and geodetic data) agree 
with longer-term isobases derived from geologic infor- 
mation, but locally short-term and long-term displace- 
ment rates differ drastically or the sense of displacement 
is reversed. For example, along the coastlines of north- 
ern California, Oregon, and Washington, net (long- 
term) displacement rates derived from Pleistocene 
strandlines are very low (0-0.5 m/ka; derived from dates 



FECURE G. IS Isobasc map (4 South Island, New Zealand, summa- 
rizing uplift data from marine slrandliues ami other vertically dis- 
placed gcnmnrpliic features, An isobase is a locus of points along which 
the uplift rate was equal. Isohases of South Island generally mimic 
topographic contours. Modified from Wellman (107!)). 


given in Kennedy et ah, 1982), but short-term rates de- 
rived from tide-gauge data locally reach 3 mm/yr (3 ml 
ka) (Hicks and Crosby, 1974). Some differences and re- 
versals between short-term and long-term displacement 
rates probably represent pre-earthquake strain accumu- 
lation (Matsuda, 1976) or postearthquake crustal relax- 
ation and, therefore, are important in determining 
earthquake potential (Thatcher, 1984). On the Muroto 
Peninsula of Shikoku, japan, the 120-ka and 6-ka 
strandlines yield similar long-term uplift rates of 1.7 and 
2.0 ka, respectively (Yoshikawa at ah, 1974){see Figure 
6.16A below), whereas episodic uplift associated with 
earthquakes over the past 300 yr averaged 12.5 mm/yr 
(see Figure 6. 26A below) . Geodetic and tide-gauge data 
show that the peninsula actually subsided between these 
coseismic uplift events (see Figure 6. 16B below). 

Tilt 

Crustal tilt ( T ) is the differential vertical displace- 
ment (Di - Dp) of a horizontal tectonic marker 
(strandline or platform) divided by the horizontal dis- 
tance (cl) between any two observation points (I and II) 
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along a coastline. The resultant dimensionless ratio is, of 
course, the tangent of the tilt angle (0): 

To (D, - D„)/d = tan<?. (6.6) 

The tilt rate (ft) is the tilt (T) divided by the age (A) of 
the marker: 

/l = TIA - tanfl/A. (6.7) 

Even minor crustal tilt is clearly expressed in the longi- 
tudinal and cross-sectional profiles of marine strand- 
lines. If the profiles of two or more tilted strandlines are 
parallel (Figure 6.13A), the differential vertical dis- 
placement took place at the time or after the youngest 
strandline formed. If the profiles converge (Figures 
6, 13B and 6. 13C), which is the most common case, the 
differential displacement was progressive and took 
place over the period of time during which the 
strandlines formed. 

If the tilt rate is constant, the geometric relationships 
of converging strandline profiles (Figures 6.13B and 
6. 13C) provide a useful means of correlating Pleistocene 
strandlines from widely separated areas, even where no 
independent age data are available. The algebraic ex- 
pression relating the present elevation (Ei) of one 
strandline to the present elevation (E 2 ) of a second 
strandline at the same coastal locality is 

E\ = (A,/A 2 )E 2 - [(Aj/Aq) e* - t'i], (6.8) 

where the first constant (A[/A 2 ) is the ratio of the 
strandline ages, and the second constant [(A]/A 2 ) e« - 
a i] is the difference between the original strandlinc ele- 
vations (t'i and e 2 ). This equation defines a straight line 
generated by graphically plotting the elevation of the 
first strandline (Ei) as a function of the elevation of the 
second (E 2 ) at two or more localities along a tilted coast- 
line or from different coastlines with different uplift 
rates (Figured. 14). The first constant (A[/A 2 ) is the slope 
of the line, and the second constant [(A(/Aj) e 2 - tq ] is its 
intercept on the vertical axis. The numerical values of 
these two constants are unique for any pair of Pleisto- 
cene strandlines and remain fixed regardless of the dif- 
ferential uplift rates. Therefore, the graphically derived 
values for these constants can be used to correlate un- 
dated strandline pairs from widely separated areas, 
such as from one island to another (Figure 6, 14) (Mi- 
yoshi, 1983). These graphical correlations are possible 
only if the strandline pairs had common datums and 
were synchronous, and furthermore, only if the tilt rate 
at each locality was constant (but not necessarily equal) . 
Consequently, Holocene strandlines cannot be correl- 
ated using this graphical technique because they are not 
necessarily synchronous along different coastlines. 

Along straight coastlines, emergent strandlines are 



FIGURE 0.13 Tilted longitudinal profiles of emergent marine 
strandlines. 

A, Parallel Holocene strandlines on Ogi Peninsula ofSado 'stand, 
Japan. Tlte lowest strandline svils formed by differential uplift associ- 
ated with a large earthquake in 1802. The fi-kaslrandlineis parallel to 
this historical strandline, which indicates that no other tilt event has 
neeurred in the past (i ka. The 2 rn separating these strandlines proba- 
bly represents either gradual or abrupt uplift after C ka BP hut before 
1802. See Figure 0.2*1 for location. From data In Ota ct at. (1070). 

R, Converging Pleistocene strandlines on the Muon Peninsula, Pa- 
pua New Guinea (see Figure 0.211 lor cross-, sectional profile). These 
converging strandlines record continual tilt over the past 120 ka. Ages 
urc U-scries dales on fossil corals. Minor irregularities in vertical spac- 
ing represent local variations in lilt rate. Modified from Chappell 
(19741)). 

C, Converging Pleistocene strandlines near Point Alin Nuevo on the 
central California coastline. Modified from Lajoie cl ul. (1079b). 
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FIGURE G.14 Correlation of Pleistocene strandlines by graphical 
techniques. The elevation of one strandline (£ 1 ) is related to the eleva- 
tion of a second strandline (Ej) at the same locality by the general 
equation Ei = (A|/Aj)£j - [(A|/A°) e» - e t ]. The constants (A|/A«) 
and [(A|/A 2 ) e 3 - Ci] are unique for any pair of late Pleistocene 
strandlincs and, therefore, can be used as a means of correlating 
strandline pairs from widely separated areas. The genera! equation 
(here simplified to Y *» Ax + B) defines a straight line generated by 
plotting the elevation of one strandline (£,) as a function of the eleva- 
tion a second (£j); the strandline pairs must be from localities villi 
different but coastant uplift rates, such as along a tilted coastline (Fig- 
ures. 13B), or on widely separated islands. 

A, A plot of elevations of dated strandlines (GO ka,82 ku, 104 ka, and 
120 ka) from different parts of the world illustrate the relationship. 

R, Undated strandline pairs (I and S; II und S) from throughout the 
Japanese archipelago. The const ants for the two plots indicate that tile 
S, I, and II strandlines correlate with the 120-ka, 80-ka, and 60-ku 
strandlines, respectively. Modified from Miyoshi (1083). 


linear tectonic markers that record components of 
crustal tilt parallel to the shoreline. One of the best ex- 
amples of tilt along a straight coastline is found on the 
Huon Peninsula of Papua New Guinea where the con- 
verging longitudinal profiles of six coral-reef strandlines 
record continual northwestward tilt of a large structural 
block over la^e Pleistocene time (Figure 6.13B) (Chap- 
pell, 1974b). There, as in other areas (Figure 6.13C) 
(Lajoie et at,, 1979b), minor irregularities in the con- 
verging profiles of Pleistocene strandlines reflect slight 
variations in the patterns and rates of long-term differ- 
ential uplift. 

Along straight, curved, and irregular coastlines, ma- 
rine platforms are planar and virtually horizontal struc- 
tural markers that record the actual direction of local 
tilt. In some areas progressively greater slopes of succes- 
sively higher (older) marine platforms clearly record 
continual crustal tilt in both seaward and landward di- 
rections (Bradley and Griggs, 1976; Sarna-Wojcieki et 
al„ 1976; Gahni, 1978; Pillans, 1983) . 

Along irregular coastlines, curved or closed strandlines 
around small coastal embayments, peninsulas, or is- 
lands define broad planes that also record crustal tilt on 
a local, but slightly larger, scale (Figures 6,15 and 
6.10A) (Ota, 1964, 1975; Tamura, 1979). A particularly 
instructive example of tilt is found on the Muroto Penin- 
sula of southeast Shikoku, Japan, where structural con- 
tours on the planes defined by 120-ka and 6-ka 
strandlines yield similar rates of landward (northward) 
tilt of 6.1 X 10 -5 /ka and 5.5 X 10~ 5 /ka, respectively 
(Figure 6.16) (Yoshikawa et at., 1964; Kanaya, 1978). 
Significant landward tilt of the peninsula accompanied 
the 1947 Nankai earthquake, which suggests that long- 
term tilt in that area is episodic, not continuous. Grad- 
ual short-term seaward tilt documented by geodetic and 
tide-gauge data prior to the 1947 seismic event (Figure 
6. 16B) (Yoshikawa et at., 1964) probably reflected pre- 
earthquake strain accumulation (1984). 

Synchronous strandlines on widely separated islands 
or on distant parts of deeply embayed coastlines define 
areally extensive planus that record crustal tilt on a re- 
gional scale. For example, two planes defined by the 
120-ka and 6-ka strandlines on numerous islands of the 
Ryukyu archipelago in southern Japan may record gen- 
eral eastward tilt over an area of 100,000 km 2 (Konishi 
etal., 1974; Ota and Hori, 1980). 

Folds 

Folds are merely compound tilts and, therefore, are 
similarly expressed by emergent marine strandlines in 
the coastal geologic record (Figures 6.17 and 6.18). In 
some areas folds expressed by deformed strandlines oc- 
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OSADO KOSADO 



FIGURE 6.15 Tilted strandlines on Sudo Island, Japan. 

A, Isobases defined by 120-ka and 6-ka strandlines reveal continu- 
ous southeastward tilt of two structural blocks (Osado and Kosado) 
that constitute the island. Note — data points occur only along coast- 
lines; isobases interpolated across inland areas. 

B, Longitudinal profiles of Pleistocene and Holocene strandlines 
also reveal continual tilt. Thcstrandline data indicate that the tilt rates 
of the two blocks have been constant but significantly different. If the 
fault separating the two parts of the island is vertical, the 120-ka 
strandline is offset about 75 m and the 6-ka strandline is offset about 
4 m, which yield similar average slip rates of 0.6 m/ku and 0.7 m/ka, 
respectively. See Figure 6.24 for location. Modified from Tamura 
(1979). 



F1CURE 6. 16 Tilled strandlines on the Muroto Peninsula, J apan. 

A, Isobnscs on 6-ka strandline reveal short-term northwurd (land- 
ward) tilt of peninsula at the rate of 5,5 X 10~ 5 /ka, which is similar to 
the long-term rate derived from the 120-ka strandline but much lower 
than the 5.3 X 10' Vka rate produced by historical earthquakes. 
Note — data points occur only along coastlines; isobases interpolated 
across inland areas. 

B, Geodetic data show that significant landward tilt accompanied 
the 1947 Nonkai earthquake. This coseismic movement indicates that 
tilt in this area is episodic not continuous. Gradual southward (sea- 
ward) tilt documented by geodetic data prior to the 1947 earthquuke 
probably reflected pre-earthquake strain accumulation. See Figure 
6,24 for location. Modified from Yoshiknwa el al. (1964) and Kanaya 
(1978). 


cur above and closely mimic tighter bedrock structures, 
which indicates that .strandline deformation represents 
the most recent increment of long-term crustal move- 
ment (Figures 6.17A and 6.18B) (Wellman, 1971a, b; 
Gahni, 1978; Lajoi eetal., 1982b), In many areas, how- 
ever, folded strandlines are not associated with obvious 
bedrock structures and, therefore, are the only clear evi- 
dence for recent crustal folding (Figure 6. 17B; also see 
Figure 6.21 below) (Plafker, 1972; Kaizuka ef al . , 1973; 
Lajoieefoh, 1979a). In either case, progressively tighter 
folds in successively older strandlines reflect continual 
differential crustal movement (Figure 6.17). Along 
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FIGURE 8.17 Crustal folds recorded by strandlines and illustrated 
by profiles. 

A, Longitudinal profiles of Holocene strandlines on Wairarapa 
coast of North island. New Zealand, reveal tight folds clearly ex- 
pressed in underlying Tertiary rocks. Each strandline is probably of 
coseismic origin, which Indicates that folding was incremental not 
continuous. Highest (6 ka) strandline dated by graphical techniques. 
Modified from Wellman (1971b). 

B, Longitudinal profiles of Pleistocene strandlines along the Arauco 
coast of Chile reveal a broad warp not expressed in bedrock units but 
generally expressed in the generalized skyline profile of ti e local 
mountain range. Age of lowest strandline estimated to be 120 ka. Mod- 
ified from Kaizukaci al. (1973). 

C, Profiles of historical coseismic strandlines reveal broad crustal 
warps in the Culf of Alaska (1964) and on the Chilean coast (1960). 
These profiles ure not continuous 'but are defined by numerous points 
on highly irregular coastlines. See Figure 6.18A for isobase map of 
warp in Gulf of Alaska. Modified from Plufker (1972). 


some highly active coastlines coseismic strandlines are 
warped into progressively tighter folds (Figure 6.17A) 
(Wellman, 1971a,b; Kaizuka et al., 1973; Gahni, 
1978), which suggests that tectonic folding, like uplift 
and tilt, is incremental, not continuous. 



On local to regional scales, vertical displacement data 
from deformed marine strandlines are conveniently 
summarized as structural contours and isobases that ex- 
press folds planimetrically (Figure 6,18; also see Figure 
6.21 below). Structural contours and standard isobases 
depict deformation of a single tectonic marker (Figure 
6 . 18 A ; also see Figure 6 . 21 A below) , whereas integrated 
isobases depict deformation normalized from two or 
more tectonic markers of different ages (Figure 6.18B) 
(Gahni, 1978). 

Isobases on the surface defined by the 1964 strandline 
in the Gulf of Alaska (Figure 6. 18A) reveal broad, gentle 
warps produced by coseismic crustal deformation over 
an area of 200,000 km 2 (Flafker, 1965), These isobases 
indicate that during the great 1964 earthquake an area 
of 60,000 km 2 was uplifted an average of 1-2 m and was 
tilted northward; maximum uplift was 3-10 m above 
local, north-dipping secondary faults (Figure 6.17C) 
(Plafker and Rubin, 1978). The isobases also show that 
an area of 110,000 km 2 north of the uplifted zone sub- 
sided a maximum of 2 m during the earthquake. The 
pattern of coseismic crustal warping associated with the 
earthquake is similar to the general pattern of long-term 
deformation documented by older Holocene strand- 
lines. However, drowned vegetation in the uplifted area 
south of the epicenteral region documents subsidence 
during the 1.4 ka prior to the earthquake (Plafker and 
Rubin, 1978), This subsidence was probably pre-earth- 
quake strain accumulation above the interplate me- 
gathrust on which the slip occurred. 

The general pattern of coseismic uplift and subsi- 
dence that accompanied the 1964 earthquake in the 
Gulf of Alaska is similar to the pattern of crustal defor- 
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FIGURE 6. 18 Cruslal folds recorded by strandlines and illustrated 
by isobases. An isobase is a locus of points along which the rate of 
vertical crustal movement is equal. 

A, 1964 strundline records subtle crustal warps associated with large 
megathrust earthquake in Gulf of Alaska. See Figure 6, 17C for profile 
of warped surface. Modified from Plafker (1972). 

B, Integr ted isobases on 100-ka surface of the Wairarapa coast of 
North Island, New Zealand. Elevation data from 120-ka and 80-ka 
strandlines normalized to 100-ka surface. Complex folds and faults 
revealed by these Isobases mimic structures in Tertiary bedrock. In- 
tense folding is due to crustal shortening in sedimentary prism at lead- 
ing edge of overthrust plate. Modified from Gahni (1978). 


mation that accompanied the great 1960 megathrust 
earthquake in coastal Chile (Figure 6.17C) (Plafker and 
Savage, 1970; Plafker, 1972). These two well-docu- 
mented examples of coseismic crustal deformation sug- 
gest that broad warping (subsidence as well as uplift) in 
the overthrust plate is characteristic of great megathrust 
earthquakes. It is noteworthy that the subtle coseismic 
crustal deformation expressed by vertically displaced 
strandlines in both Alaska and Chile would not have 
been recorded in such great detail nor over such large 
areas in noncoastal regions, nor even along coastlines 
without deep embayments and offshore islands. 

An interesting contrast to the broad, regional warps 
depicted by isobases on the coseismic strandline in the 
Gulf of Alaska is found in the tight, local folds and re- 
lated faults depicted by integrated isobases on Pleisto- 
cene and Holocene strandlines along the Wairarapa 
Coast of North Island, New Zealand (Figure 6.18B). 
The former reflect primary crustal deformation near the 
leading edge of a major overthrust plate (Plafker, 1972), 
and the latter reflect intense secondary deformation due 
to rapid crustal shortening within an accretionary prism 
in a similar tectonic setting (Gahni, 1978; Cole and 
Lewis, 1981). 

An interesting aspect of crustal folds, which com- 
monly is ignored or misunderstood in tectonic studies, is 
that the rate of vertical displacement along the axis of a 
fold and the rate of tilt along its limbs both decrease as 
the fold matures. If this apparent decrease in crustal de- 
formation is documented by successively older strand- 
lines, it could be misinterpreted as a reduction in local or 
regional tectonic strain. 


Vertical Fault Movement 

Because marine platforms and strandlines are virtu- 
ally horizontal structural markers, they record vertical 
fault movement more clearly than lateral movement. 
Often, vertical discontinuities in cross-sectional profiles 
of platforms (Figure 6.19) (Ota, 1975; Lajoie et al., 
1979b; Dames and Moore Consultants, 1981; Sarna- 
Wojcicki et al., 1986) and in longitudinal profiles of 
strandlines (Figures 6.15B and 6.20) (Yoshikawa et al., 
1964; Ota, 1975; Lajoie et al., 1979a,b; Tamura, 1979; 
Sissons and Cornish, 1982; Pillans, 1983) express even 
minor vertical fault movements, even where there is no 
other evidence of fault activity. Jogs in isobases and 
structural contours on marine platforms also express 
vertical fault movements and, where aligned, define lo- 
cal fault traces (Figures 6.12, 6.18B, and 6.21A) 
(Gahni, 1978; Lajoie et ah, 1979b). However, not all 
vertical offsets of marine strandlines and platforms doc- 
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FIGURE 6.10 Vertical component of fault displacement recorded 
by offsets in cross-sectional profiles of marine strandlincs. 

A, Wave-cut platform and overlying murine (Qtm) and alluvial 
(Qal) sediment offset about 1 m across a minor bedding-plane fault 
near Point Conception in southern California. Platform dated at 82 ku 
by graphical and amino-acid techniques. Overlying terrace cover may 
be as young us latest Pleistocene or early Holocene. Modified from 
Dames and Moore consultants (1981) and Lajoie and Sarna-Wojcicki 
(1982). 

B, 40-ka wave-cut platform and overlying marine sediment offset 
45 m across JavonCinyon fault (JCF) near Ventura, California, yields 
a long-term displacement rate of 1.1 m/ka. A stream-cut platform 
graded to a 3.5-ka marine strandline is offset 4 m across the same fault, 
which yields a similar short-term displacement rate of 1 2 m/ka. See 
Figure 6.22A for coseismic slip events on this fault. Modified from 
Sarna-Wojcicki el al. (1986). 


ument fault movement. Some, especially along steep 
coastal slopes, represent large, block-type slope failures. 

Along many coastlines marine strandlines and plat- 
forms provide relative age control for recent fault activ- 
ity. If a wave-cut strandline truncates a bedrock fault, 
the latest movement on the fault is, of course, older than 
the strandline. Conversely, if a strandline is offset across 
a fault, the latest movement is younger (Figures 6.15 
through 6.21). Both the U.S Nuclear Regulatory Com- 
mission and the State of California Public Utilities Com- 
mission use relative strandline-fault relationships indi- 


rectly to define active faults in their assessment of 
seismic hazards to critical engineered structures in 
coastal regions. Both agencies consider a fault poten- 
tially active if it has moved in the past 100 ka. This some- 
what arbitrary age Is used specifically because the 
120-ka to 82-ka strandlines are the most prominent and 
most accurately dated tectonic markers along most 
coastlines. 

Where dated, faulted strandlines also yield rates of 
fault movement. The offset of a strandline or platform 
divided by its age is, of course, the average slip rate since 
the strandline formed. In some areas, progressively 
greater offsets of successively older strandlines docu- 
ment continual fault activity and yield long-term aver- 
age slip rates (Figures 6.15B, 6.19B, and 6.20) (Sissons 
and Cornish, 1982; Pillans, 1983; Sarna-Wojcicki et al . , 
1986). For example, on Sado Island off the west coast of 
Honshu, J apan, vertical discontinuities in the profiles of 
five Pleistocene and Holocene strandlines record contin- 
uous differential movement across the steeply dipping 
fault that separates the two mountainous parts of the 



FICURE 6.20 Vertical component of fault displacement recorded 
by offsets in longitudinal profiles of murine strandlines. 

A, Progressively greater vertical offset of successively older marine 
strandlines documents continual fault activity over at least the past 700 
ka on the Taranaki coast of North Island, New Zealand. Strandline 
ages (81-596 ka) derived irom tephrocbronology, amino-acid data, 
and uplift rates. Modified from Pillans (1983), 

B, Vertical offset of 40-ka strandline across Red Mountain thrust 
fault (RMTF) near VerPura, California. Strandline age based on 
amino-acid data from fossil shells. Modified from Lajoiect of, (1982b). 
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FIGURE 6.21 Closely related folding and faulting recorded by de- 
formed 82-ka strundline at Half Moon Bay, California. Structural con- 
tours on wave-cut platform depict drag folds that plunge obliquely 
into and away from the vertical fault plane. Orientation of folds indi- 
cates predominant right-lateral fault movement, which is consistent 
with regional fault movements. Longitudinal profiles of strundline 
and faulted platform record gentle warps and vertical offset across 
fault. Shoreline angle of strandline does not intersect fault plane so 
local slip vector and slip rate arc not known. Vertical separation of 
wave-cut platform across fault revealed by platform profiles on fault 
plane (dotted lines; E, east; YV, west). Structural contours derived 
mainly from shallow borehole and seismic refraction data. Modified 
from Lajoie cf of. (1079b). 

island (Figure 6, 15) (Tamura, 1979). If this fault is ver- 
tical, the 120-ka strandline is offset about 75 m, which 
yields a long-term slip rate of 0.6 m/ka. The 6-ka 
strandline is offset about 4 m, which yields a similar 
short-term slip rate of 0.7 m/ka. Another excellent ex- 
ample of continuous fault slip recorded by progressively 
greater offset of successively older marine strandlines is 
found near the town of Ventura on thesouthern Califor- 
nia coastline (Figure 6.19B) (Sarna-Wojcicki et al., 
1986). There, the wave-cut platform of the 40-ka 
strandline (Kennedy et al ., 1982) is vertically offset 
about 45 m across a high-angle reverse fault, which 
yields an average slip rate of 1.1 m/ka. Nearby, a 
stream-cut platform graded to an emergent 3.5-ka 
strandline is offset 4 m across the same fault, which 
yields a similar shorter-term slip rate of 1.2 m/ka. 

If the size of an average coseismic slip event is as- 
sumed or is known from a historical seismic event, it can 
be divided into the slip rate to yield the average earth- 
quake recurrence interval. However, where discrete slip 
events are recorded geologically, earthquake recurrence 
can be determined more directly. For example, lenses of 
scarp-derived Holocene talus preserved beneath the up- 
thrown block of the high-angle reverse fault near Ven- 
tura, California (Figure 6.19B), record at least five dis- 
crete slip events during the past 3.5 ka (Figure 6.22A) 
(Sarna-Wojcicki et al., 1986), If these slip events were of 
coseismic origin, the average vertical displacement was 
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FIGURE 6.22 Coseismic slip events on faults recorded by scarp- 
dcrived talus. 

A, Stream-cut platform graded to 3.5-ku marine strandline offset 
4 m across Javon Canyon fault near Ventura. California (see Figure 
6.10B). At least five discrete slip events (0.5-1. 4 m) are recorded by 
lenses of scarp-derived talus preserved below the upthrown block. If 
these slip events arc coseismic, the average earthquake recurrence in- 
terval for this fault is about 700 yr. Modified from Sarna-Wojcicki cl 
al (1986). 

B, Vertical component of fault displacement recorded by offset of 
104-ka wave-cut platform at Point Ana Nuevo, California. At least 
nine discrete slip events are recorded by lenses of scarp-derived talus 
and faulted sediment preserved on the wave-cut platform beneath the 
upthrown block. If slip events ure coseismic, the averuge earthquake 
recurrence interval is about 12 ka. It should be stressed, however, that 
average recurrence intervals have little meaning if total fault move- 
ment occurred during a short period of time (dotted line). Indepen- 
dently derived ages for each event are needed to resolve this potentially 
serious problem. Modified from Weber and Cotton (1981). 


0.8 m and the average earthquake recurrence interval 
was 700 yr. 

An even longer history of discrete slip events is re- 
corded where a 104-ka marine platform is offset across a 
strand of a complex fault zone at Point Ano Nuevo about 
100 km south of San Francisco on the central California 
coastline (Lajoie et al., 1979b). This wave-cut platform 
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is offset 5.5 m (dip-slip component), which yields an av- 
erage long-term slip rate of 0.05 m/ka. More impor- 
tantly, however, scarp-derived talus that accumulated 
on the marine platform below the periodically rejuvina- 
ted fault scarp records at least nine slip events over the 
past 104 ka (Figure 6.22B) (Weber and Cotton, 1981). If 
coseismic, these slip events, which averaged 0.6 m, yield 
an average earthquake recurrence interval of about 12 
ka. It should be stressed, however, that if total fault 
movement was restricted to relatively short periods of 
time (Figure 6.22B), average recurrence intervals are of 
little use in predicting the time of the next event. Each 
event must be dated independently to make meaningful 
predictions of future events. 

Lateral Fault Movement 

As indicated previously, lateral fault movement is 
rarely recorded by marine strandlines, even where 
strandlines clearly cross active strike-slip faults. Usu- 
ally, the amount of offset is ambiguous because of irreg- 
ularities in or poor preservation of the paleoshoreline. 
For example, at Point Ano Nuevo on the central Califor- 
nia coastline, two Pleistocene strandlines that cross a 
major right-lateral fault system appear to be offset 
across several fault strands (Weber and Lajoie, 1977; 
Weber and Cotton, 1981). However, because these 
strandlines must be projected considerable distances (up 
to 1.0 km) at low angles across some of the faultstrands, 
the individual and cumulative offsets of each strandline 
are too uncertain to yield meaningful rates of lateral 
fault movement. 

In some areas, the sense but not the amount of lateral 
fault movement is expressed by the orientation of drag 
folds recorded by marine strandlines. For example, the 
82-ka strandline at Half Moon Bay about 60 km north- 
west of Point Ano Nuevo on the central California coast- 
line records broad crustal warps on both sides of a major 
fault strand within the coastal fault system (Figure 6.21) 
(Lajoie ctal., 1979b; Kennedy ef al., 1981). Structural 
contours on the warped wave-cut platform define a 
broad syncline that plunges obliquely into the vertical 
fault plane from the east and a broad anticline that 
plunges away from the fault plane to the west. These 
structural relationships suggest that the syncline and an- 
ticline are drag folds related to right-lateral fault move- 
ment, which is consistent with regional fault move- 
ments. Unfortunately, the strandline of this deformed 
marine platform does not intersect the fault plane and, 
therefore, neither the local slip vector nor the slip rate is 
known. However, where latest Pleistocene stream 
courses cross the warped marine terrace northeast of the 
fault they are deflected toward the axis of the syncline 
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(Figure 6.21), which suggests that fault movement and 
related crustal warping were continual over the past 
82 ka. 

COSEISMIC UPLIFT AND EARTHQUAKE 

RECURRENCE 

In several seismically active coastal areas historical 
coseismic uplift has produced conspicuous emergent 
marine strandlines 1-15 m above sea level. The best doc- 
umented examples of historical coseismic strandlines are 
found in Japan (Sugimura and Naruse, 1954; Nakamura 
etaL, 1965; Ota etal., 1976; Matsudaef al., 1978; Shi- 
mazaki and Nakata, 1980), New Zealand (Wellman, 
1969; Stevens. 1973), Alaska (Plafker, 1965, 1972), 
Chile (Plafker and Rubin, 1967; Plafker and Savage, 
1970; Plafker, 1972), and Iran (Page et ah, 1979). The 
historical coseismic strandlines in these areas suggest 
that similar higher (older) Holocene strandlines in these 
and other active-tectonic areas are also of earthquake 
origin. If this interpretation is correct, a sequence of 
emergent Holocene strandlines is a physical record of 
past earthquakes from which it should be possible to 
predict the size and date of the next seismic event. 

If the average uplift rate is constant, coseismic uplift 
events may follow a time-predictable or displacement- 
predictable pattern (Figure 6,23) (Shimazaki and Na- 
kata, 1980)., In a time-predictable pattern the time be- 
tween events is proportional to the size of the preceding 
event, and, therefore, the date, but not the size, of the 
next event can be predicted. In a displacement-predict- 
able pattern the time between events is proportional to 
the size of the succeeding event, and the size of the next 
event can be predicted for any future date, but that date 
cannot be predicted. Of course, if the period and size of 
uplift events are regular, both can be predicted for the 
next event. In practice, however, strandline elevations 
and dates are usually too variable or imprecise to fit any 
pattern exactly, and, therefore, only average displace- 
ments and recurrence intervals can be derived from se- 
quences of emergent Holocene strandlines. In some 
cases, the uplift rate is so variable that no reasonable 
predictions can be made. 

A few examples of coseismic uplift from Japan, 
Alaska, and New Zealand illustrate some of the possibil- 
ities and limitations in deriving detailed seismic histories 
from sequences of emergent Holocene strandlines. 

Japan 

The Japanese archipelago, which lies along the lead- 
ing, overthrust margin of the Eurasian tectonic plate in 
the western Pacific Ocean, is one of the most seismically 
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FIGURE 6.23 Theoretical patterns of coseismic uplift (or fault 
movement). 

A, If average uplift rate is constanc, the incremental coseismic uplift 
events may follow either a time- predictable or a displacement-predict- 
able pattern. In a time-predictable pattern the time between events 
(77 is proportional to the size of the preceding displacement (PD). In 
this case, the time, but not the size, of the next event can be predicted. 
In a displacement-predictable pattern the time between events is pro- 
portional to the size of the succeeding displacement (S D). In this case, 
the size of the next event can be predicted for any future date, which 
cannot be predicted. In practice, strandline elevations and ages are 
usually too uncertain to reveal precise patterns of uplift. Modified 
from Shimazaki and Nakata (1980), 

B, If a displaced marker (e.g. , wave-cut platform) Is dated but indi- 
vidual events are not duted independently, their intervals and age 
ranges can be estimated from the average displacement rate. How- 
ever, if total displacement is highly irregular (dotted line), average 
displacement intervals, rates, and age values are meaningless. Inde- 
pendent ages of events are needed to establish displacement pattern. 


thrust Pacific Coast and on Aw&shima Island and the 
Ogi Peninsula of Sado Island along the block-faulted J a- 
pan Sea Coast (F igure 6.24). 

Four emergent Holocene strandlines (Numa I-IV) 
form prominent terraces around the southern tip of the 
Boso Peninsula about 80 km south of Tokyo (Figures 
6.3A, 6.24, and 6.25) (Sugimura and Naruse, 1954; 
Matsuda et al . , 1978) . Isobases on the planes defined by 
these curved strandlines reveal progressive uplift and 
northward tilt of the southernmost part of the penin- 
sula. Radiocarbon dates on fossil shells from the three 
highest strandlines (Numa I-III terraces) yield an aver- 
age uplift rate of 3.9 m/ka (Figure 6.25A). The lowest 
major strandline (Numa IV or Genroku terrace) at 5 m 
and a minor strandline at 1.0 m were formed by uplift 
during the great Kanto earthquakes of 1703 and 1923, 
respectively. The ages and vertical distances between 
successively higher pairs of dated strandlines yield an 
average uplift per event of about 6 m and an average 
recurrence interval of about 1.5 ka. More importantly, 
however, the uplift and age data appear to follow a 



active areas on Earth (Tarr, 1974). Great intraplate me- 
gathrust earthquakes occur along the major subduction 
zone that forms the eastern boundary of the archipel- 
ago, and smaller, but still potentially destructive, in- 
terplate earthquakes occur along its complexly faulted 
eastern boundary. Particularly good examples of coseis- 
mic strandlines are found on the Boso Peninsula, the 
Muroto Peninsula, and Kikai Island along the over- 


F1GURE 6.24 Generalized tectonic map of Japan showing locations 
of emergent marine strandlines produced by historical coseismic up- 
lift. O, Ogi Feninsulu of Sado Island, 1802 earthquake (see Figure 
6.13A forstrandiine profiles and Figures 6. 15A and 6.24 for location); 
A, Awushima Island, 1964 Niigata earthquake; B, Boso Peninsula, 
1703 and 1823 Kunto earthquakes (see Figure 6.25 for uplift history); 
M, Muroto Peninsula, 1707, 1855, and 1947 Nankaido earthquakes 
(sec Figure 6.26A for uplift history; see Figure 6. 16 forstrandiine and 
geodetic data); K, Kikai jima, no historical coseismic strandlines, but 
see Figure 6.26B for Holocene uplift history. 



COASTAL TECTONICS 


117 



A.D. 


2000 

DATE 


3000 


FIGURE 6.25 Coseismic uplift, Brno Peninsula, Japan. 

A, Average uplift appears to be constant, und coseismic uplift events 
appear to follow a time-predictable pattern. 

B, Uplift pattern indicates that the next event (or sequence of events) 
will occur in A.D. 3000. Interearthquake subsidence (strain accumu- 
lation) from geodetic data is incorporated into prediction model. See 
Figure 6.24 for location and Figure 6.3A for profile of strandlines. 
Modified from Matsuda cl ah (1978). 


time-predictable pattern. After being corrected for 
probable postearthquake subsidence (currently 1-2 
mm/yr) , the strandline data from the Boso Peninsula in- 
dicate that the next uplift event similar to the combined 
1703 and 1923 events will occur in 0.8-1. 3 ka (Figure 
6.25B). Other workers (Nakata e/ ai, 1980; and Shima- 
zakiandNakata, 1980; YonekuraandShimazaki, 1980) 
also studied the emergent Holocene strandlines on the 
Boso Peninsula and reached similar conclusions. How- 
ever, some of these workers (Yonekura and Shimazaki, 
1980) suggested that the largest uplift events may have 
accompanied moderate-sized earthquakes on steep, sec- 
ondary faults within the overthrust plate of the Sagami 
subduction zone and that the smallest uplift events may 


have accompanied larger earthquakes on the main but 
more gently dipping thrust fault. If this interpretation is 
correct, the 1703 lianto earthquake may have been 
smaller than the 1923 event, even though the relative 
coseismic uplift would suggest otherwise. Interestingly, 
at Oiso, a densely populated suburb of Tokyo, about 
70 km northwest of the Boso Peninsula, the sum of the 
uplifts that accompanied the 1703 and 1923 earth- 
quakes is less than the uplift required to maintain the 
long-term uplift rate derived from older strandlines. 
This relationship suggests that the next uplift event in 
the Oiso area is overdue. Consequently, the Oiso area 
may currently be at greater seismic risk than the south- 
ern Boso Peninsula (Matsuda et ah, 1978). 

At Murotsu harbor on the southern tip of the Muroto 
Peninsula on the island of Shikoku (Figure 6.24), the 
uplifts associated with the great Nankaido earthquakes 
of 1707 (1.8 m), 1855 (1.2 m), and 1947 (1.2 m) were 
determined by primitive but reasonably accurate har- 
bor soundings and by a vertically displaced strandline 
defined by barnacles (Figures 6.16 and 6.26A) (Sawa- 
mura, 1953; Shimazaki and Nakata, 1980). These his- 
torical data yield a constant short-term uplift rate of 
12.5 mm/yr, which is about six times higher than the 



FIGURE 6,28 Coseismic uplift on Muroto Peninsula and Kikai 
Jima, Japan. 

A, Historical coseismic strandlines at Murotsu Harbor. Uplift events 
uppear to follow a time-predictable pattern and yield an average 
short-term uplift rate of 12.5 mm/yr, which is about six limes higher 
than the long-term rate of 1. 7-2.0 m/ka derived from C-ka and 120-ku 
strandlines. If the short-term rate prevails, the next coseismic event 
should occur in (he year 2040. If the long-term rate prevails, the next 
event (or sequence of closely spaced events) will not occur for another 
3 ka. (See Figure 6. 16 for more uplift data.) 

B, Radiocarbon-dated strandlines on Kikai Island, Japan, appear to 
follow a time-predictable puttern. If correct, a large coseismic uplift 
event should have occurred between 1400 and 1600. There is no geo- 
logic or historical evidence for such an event, so the area may be over- 
due for a large earthquake. Modified from Shimazaki and Nakata 
(1980). See Figure 6.24 for locations, 
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long-term rate of 1. 7-2,0 m/ka derived from the 6-ka 
and 120-ka strandlines (Yoshikawa et al., 1964; Ka- 
naya, 1978). If the exceptionally high uplift rate pro- 
duced by historical coseismic events is maintained, the 
next large earthquake should occur in 2040 (Shimazaki 
and Ns, kata, 1980). However, if the long-term rate pre- 
vails, which seems more likely, the next event, or a series 
of closely spaced events, should not occur for another 
3 ka. Tide-gauge and geodetic data from central Japan, 
which reveal the spatial and temporal patterns of inter- 
earthquake crustal deformation between the 1855 and 
1947 events, indicate that because of the nonlinearity of 
strain buildup and the significant permanent deforma- 
tion, simple recurrence calculations from strandline 
data may overestimate the true interval between major 
earthquakes by a factor of 2-3 in the Nankai area 
(Thatcher, 1984). On the other hand, the three closely 
spaced historical uplift events on the Muroto Peninsula 
and the two closely spaced events on the Boso Peninsula 
suggest that the large vertical spacing between emer- 
gent Holocene strandlines in these and possibly other 
areas may represent multiple, not single, earthquakes, 
If this interpretation is correct, earthquakes at a partic- 
ular locality on a convergent plate boundary may occur 
in relatively tight clusters separated by considerable pe- 
riods of time (1-3 ka), in which case the date of the next 
event would be difficult if not impossible to predict. 

On Kikai Island, the easternmost island in the Ryu- 
kyu archipelago of southern Japan, radiocarbon dates of 
fossil corals from four Holocene strandlines yield a uni- 
form uplift rate of 1.8 m/ka over the past 6 ka and indi- 
cate that coseismic uplift followed a time-predictable 
pattern (Figures 6.24 and 6.26B) (Nakata et al., 1978, 
1979; Shimazaki and Nakata, 1980). If the time-pre- 
dictable model is correct, there should have been a large 
earthquake between A.D. 1400 and 1600. The lack of 
historical or geological evidence for an earthquake of 
this age suggests that Kikai Island, like the Oiso area 
near Tokyo, is overdue for a major earthquake (Shima- 
zaki and Nakata, 1980). 

Two very different earthquake recurrence intervals 
are recorded by emergent Holocene strandlines on Sado 
and Awashima Islands in the intensely faulted area off 
the west coast of central Honshu, the largest Japanese 
island (Figure 6.24). Seven emergent Pleistocene and 
Holocene strandlines occur on the Ogi Peninsula, the 
southernmost tip of Sado Island (Figure 6.15A) (Ota et 
al ., 1976). The lowest (2 m) strandline was formed by 
uplift during a major earthquake in 1802 (Figure 
6.13A). This strandline and the next higher (4 m) 6-ka 
strandline are both tilted northward about 2.5 X 10" 2 , 
which indicates that the 1802 event was the only tilt 
event in the past 6 ka. The uniform difference of 2 m 


between these two strandlines is ascribed to a 2-m high- 
stand of sea level at about 6 ka BP (Ota et al,, 1976). A 
more likely explanation is that the area was uplifted uni- 
formly after 6 ka BP but before the 1802 tilt event. In 
any case, dividing the coseismic tilt produced in 1802 
into the long-term tilt rate derived from the 120-ka 
strandline yields a recurrence interval for seismic events 
of 5-9 ka, which is consistent with the >6-ka interval 
documented by the two lowest strandlines. 

At Awashima, which lies about 70 km northeast of 
Sado Island (Figure 6.24), tilted strandlines yield a 
much shorter recurrence interval (Nakamura et al., 
1965). Awashima was uplifted a maximum of 1.8 m and 
tilted northward about 2,4 X 10 - ' 1 during the 1964 
Niigata earthquake. The long-term tilt rate derived 
from the 82-ka strandline at 50-70 m above sea level is 
4.3 X lG -l /ka, Dividing this tilt rate by the 1964 tilt 
yields an average recurrence interval of about 1.5 ka, 
The different earthquake recurrence intervals for the 
faults near the Ogi Peninsula and Awashima Island 
demonstrate that similar faults within the same tectonic 
province can have very different displacement histories. 

Alaska 

The narrow zone comprising the Aleutian archipel- 
ago and the south coast of mainland Alaska lies along the 
overthrust margin of the North American tectonic plate 
in the north Pacific Ocean. At numerous localities in this 
seismically active area, great interplate megathrust 
earthquakes are recorded by emergent Holocene and 
historical strandlines. 

On Middleton Island (Figure 6.18A) emergent Holo- 
cene strandlines record six coseismic uplift events over 
thepast4.5ka(Figure6.27A) (Plafker and Rubin, 1967, 
1978). The lowest strandline at 3.5 m above sea level 
was produced by uplift associated with the great 1964 
earthquake in southern Alaska. Radiocarbon dates on 
peat and wood from the wave-cut platforms of the five 
highest strandlines indicate that the time interval be- 
tween uplift events increased gradually from about 
0.5 ka to 1.4 ka and that the uplift rate decreased from 
14 m/ka to 5.6 m/ka. If the island subsided slightly be- 
tween major earthquakes, the uplift that accompanied 
each earthquake was greater than the vertical spacing 
between strandlines. It is not clear if the uplift events, 
which ranged from 7-12 m and averaged about 9 m, 
followed a displacement-predictable or a time-predicta- 
ble pattern, but it is obvious that the 3.5-m uplift associ- 
ated with the 1964 earthquake was not sufficiently large 
to maintain even the diminishing uplift rate (Figure 
6.27 A). In effect, at least half of the stress accumulated 
since the formation of the second lowest strandiine at 
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FIGURE 6.27 Coseismic uplift, Gulf of Alasku. 

A, Radiocarbon-dated and historical coseismic strandllncs on 
Middleton Island, Alaska, Average uplift rate is decreasing and inter- 
val between events is increasing while the size of each event has re- 
mained fairly constant. Average uplift is 0.05 m/ka. The 1964 coseis- 
mic uplift did not bring the island up to the long-term rate, which 
suggests that another event is due in the neur future. Present sea level 
used as tectonic datum. Modified from Plafker and Ritbln (1978). 

B, Radiocarbon-dated coseismic strandlines at Icy Capo (about 
300 km east of Middleton Island on the Alaska mainland) yield a fairly 
constant uplift of about 1 m/ka. Uplift events appear to follow a lime- 
predictable puttern. If this pattern continues, the next event is due in 
the near future. Modified from Plafker el a!, (1981). See Figures 6. 17C 
and 6.18Afor 1964 coseismic strundline deformation. 


about 1.4 ka BP has yet to be released. Consequently, if 
the Holocene trend continues, coseismic uplift at least as 
large as the 1964 event should occur on Middleton Is- 
land sometime in the near future (Plafker and Rubin, 
1978). 

The focal region of the 1964 Alaskan earthquake lies 
north and west of Middleton Island (Figure 6. 18 A) , and 
a seismic gap lies to the east. Consequently, the next up- 
lift event to affect the island may accompany a me- 
gathrust earthquake in the area of the seismic gap, possi- 
bly on the submarine Pamplona Fault (Plafker and 
Rubin, 1978). This interpretation is supported by data 
from Icy Cape, a broad sedimentary headland about 
300 km east of Middleton Island on the Alaska mainland 
and within the area of the seismic gap, There, deposi- 
tional strandlines dated at 4,9 ka, 2.4 ka, and 1.3 ka BP 
by radiocarbon techniques record at least three uplift 
events that followed a time-predictable pattern over the 
past 5 ka (Figure 6.27B) (Plafker et al., 1981), The low- 
est (1 .3 ka) strandline may have been formed during the 
same seismic event that produced the second lowest 
strandline dated at 1.35 ka on Middleton Island (Figure 
6.27A), If the 1.2-1.3-ka time span between strandlines 
at Icy Cape is the recurrence interval for the area of the 
present seismic gap, the next uplift event is overdue. 
Presumably, this event would make up some or all of the 
apparent deficiency in uplift on Middleton Island. An 
interesting aspect of the strandline sequence at Icy Cape 
is that the vertical distance between the 4.9-ka and 
2,4-ka strandlines is 27 m (Figure 6.27B), which seems 
too large for a single uplift event. If uplift averaged 
10-15 m per event, a 14-m uplift at about 3.S ka BP may 
not have been recorded or its strandline may have been 
destroyed by subsequent wave erosion (Plafker et al., 
1981). 

New Zealand 

The large southwest Pacific islands of New Zealand 
straddle the convergent boundary between the Austra- 
lia-India tectonic plate to the west and the Pacific plate 
to the cast. Northeast of the islands, the Australia-lndia 
plate is being thrust eastward over the Pacific plate, and 
southwest of the islands the relationship is reversed. The 
islands themselves are a manifestation of the uplift along 
the transition between the two opposing subduction 
zones on the same interplate boundary (Walcott, 1984) . 
Within this complex structural area both interplate and 
intraplate earthquakes are common. At several locali- 
ties, especially along the southeast coast of North Island, 
large earthquakes are recorded by emergent Holocene 
strandlines. 

At least five coseismic uplift events are recorded by six 
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bouldery beach ridges up to 27 m above sea level on the 
rapidly uplifting coastline at Turakirae Head, the 
southernmost tip of North Island (Figure 6.28) 
(Wellman, 1969; Stevens, 1973), The two lowest 
strandlines at 7 and 3 nr above sea level, which were 
formed during historical earthquakes in 1460 and 1855, 
respectively, appear to record regional northwestward 
tilt across the entire southern tip of the island, whereas 
the four highest strandlines appear to record intense 
crustal warping between two local faults parallel to the 
offshore subduction zone (Wellman, 1969). However, 
all six strandlines may reflect regional tilt (Stevens, 
1973), Ineithercase, the five coseism ic uplift events rep- 
resented by these strandlines range from 2.5 to 9 m, and 
average 5.4 m (Figure 6,28). An assumption of constant 
uplift yields tentative ages for the four highest 
strandlines and also yields an average uplift rate of 
about 4 m/ka (see Figure 6,7) (Wellman, 1969), These 
graphically derived dates appear to indicate that uplift 
events follow a time- predictable pattern, which would 
indicate that the next event should occur in about 500 yr 
(Wellman, 1969). However, the pattern of uplift is in- 
herent in the assumption of constant uplift — it is not in- 
dependently demonstrated. Consequently, no firm esti- 
mate for the date of the next coseismic uplift event can 
bt made. 



ka 6 4 2 o 
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FIGURE G.28 Coseismic Holocene sirumlllnes at Turakirae Head, 
North Island, New Zealand, Highest (6 ka) strandline dated by graphi- 
cal techniques (sec Figures G.5I5 and 0,7) assuming constant uplift rate 
(4 m/ka). Rate interpolated to estimate ages of lower strandlines. If 
uplift follows a time-predictable pattern, the next event should occur 
in 0.5 ka. It should be stressed, however, that thesestrandlincsmust be 
dated independently to demonstrate constant uplift and the time-pre- 
dictable pattern. Modified from Wellman (1069). 


Tho often disparate and inconclusive estimates of past 
and future seismic events derived from sequences of 
emergent Holocene strandlines in the three areas dis- 
cussed here (Japan, Alaska, and New Zealand) illustrate 
many of the difficulties encountered in interpreting 
even excellent historical and geological strandline data. 
However, in spite of these difficulties sequences of co- 
seismic strandlines are among the most complete records 
of past earthquakes and in many coastal areas provide 
extremely valuable insights into the distribution of 
earthquakes in both space and time. 

FUTURE RESEARCH 

This brief review of coastal tectonics illustrates the 
breadth and scope of neotectonic deformation and seis- 
mic history that can be derived from the study of marine 
strandlines, which so conspicuously record the dynamic 
interaction between the fluctuatingsea level .id mobile 
tectonic plates along many of the world’s active coast- 
lines. Without sea-level changes, discrete strandlines 
would not be produced and the long-term record of 
Pleistocene crustal movements in coastal areas would be 
extremely difficult if not impossible to extract from a 
relative sea-level record. Conversely, without vertical 
crustal movements, a detailed history of sea-level fluctu- 
ations would be virtually impossible to reconstruct. As 
our understanding of this complex interaction increases 
we discover new problems that require the reinterpreta- 
tion of existing data and the acquisition of new, more 
precise information. It should be stressed, however, that 
even at our present level of understanding the uncer- 
tainties inherent in extracting past crustal movements 
and seismic histories from relative sea-level records are 
far outweighed by the wealth of useful information 
obtained. 

Following is a list of some of the most pressing prob- 
lems and needs that must be addressed if we are to pro- 
gress in the new and rapidly evolving field of coastal 
tectonics. 

• Theoretical models relating sea-level changes and 
vertical crustal movements should be developed. Gen- 
eral relationships are expressed by Eqs. (6.1) and (6.8) 
and Figures 6.5, 6.6, and 6.7, Theoretical models will* 
provide a framework in which tectonic and sea-level 
data can be interpreted and evaluated. They will also 
provide graphical and mathematical means of correlat- 
ing and dating strandlines. Models will also provide a 
coherent framework for compiling and comparing 
strandline data from different areas. 

• The resolution of existing radiometric, chemical, 
and paleontologic dating techniques should be im- 
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proved and the ranges of these techniques extended. 
New dating techniques should be developed, especially 
for the period between 100-1000 ka BP. 

* Both Pleistocene and Holocene (including histori- 
cal) strandlines on many more coastlines throughout the 
world should be mapped and dated. Particular atten- 
tion should be paid to precise ages and elevations. These 
data are needed to resolve potentially serious problems 
of geoidal distortion and regional hydro-isostatic crustal 
movements, If geoidal distortion is significant on a time 
scale of 10-100 ka, regional sea-level curves should be 
developed as tectonic datums. If geoidal distortion is rel- 
atively insignificant, its magnitude will help to establish 
uncertainty limits for rates of crustal deformation. In 
short, both Pleistocene and Holocene sea-level curves 
should be improved to provide more accurate estimates 
of tectonic deformation. 

* More effective tide-gauge stations and geodetic 
networks to monitor ongoing crustal movements and re- 
gional sea-level changes should be developed. Particular 
care should be taken in comparing data from these two 
sources and from other historical and geological sources. 

* Detailed studies of coseismic strandlines on rapidly 
deforming coastlines should be undertaken to establish 
patterns of paleoseismicity. Particular attention should 
be placed on precise dating. 

* Existing data on the age and elevation of coastlines 
throughout the world should be compiled to establish 
regional patterns of crustal deformation and sea-level 
change. 

* Submerged strandlines should be mapped and 
dated. New techniques for conducting these difficult 
and expensive investigations should be developed. 
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ABSTRACT 

The morphology of fault-generated mountain fronts and escarpments can indicate relative tec- 
tonic activity. Fault slip rates can be estimated using erosion rates or dated landform elements. 
The use of landforms to solve for the timing and magnitude of tectonic perturbations is analogous 
to an inverse problem where given a landform morphology one must solve for the variables that 
caused or affected it. Models that predict the rate of landform evolution can be used to solve for 
the ages of uplifts when properly calibrated with independent age determinations. Basalt flows 
or air fall tuffs are useful for establishing a denudation chronology and permit erosion rates to be 
calculated. Future research should develop additional relations among tectonics and landforms 
rendering the solution to this inverse problem as unique as possible. 


INTRODUCTION 

Tectonic geomorphology is the study of landforms 
that result from tectonism and the interaction between 
tectonic and geomorpliic processes. Tectonic geomor- 
phologic studies constrain solutions to an inverse prob- 
lem: given selected morphologic attributes of tectonic 
landforms, can one determine the corresponding tec- 
tonic history; or similarly, given information about the 
tectonic history, can one determine how landforms will 
evolve? Studies of tectonic geomorphology can discern 
the nature, timing, and distribution of faulting and seis- 
micity that have occurred over tens of thousands of 
years, and in the case of mountain fronts and escarp- 
ments, an order of magnitude longer. Instrumental re- 
cordings of seismic data are available for a very short 
time; historical records of earthquakes are also useful. 
Studies of paleoseismicity, which is past seismicity based 


on interpretation of small-scale geomorphic or strati- 
graphic features, enable scientists to determine the past 
behavior of seismogenic structures and, hence, better 
evaluate the risk to society resulting from future earth- 
quakes. The length of time a landform records depends 
on its survival time, or how rapidly the landform 
evolves. 

Two types of landform that have long survival times 
are escarpments and mountain fronts. Other tectonic 
landforms may have considerably shorter survival 
times. The relation among the different types of tectonic 
records is illustrated in Figure 7.1. The precision of the 
record is inversely proportional to the length of record so 
that as the time recorded increases we cannot be certain 
about short-term variations in uplift. In addition, each 
type of record measures the uplift history of a landform 
differently. This difference is sometimes expressed by 
different average uplift rates, which are calculated by 
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Mountain Fronts 


FIGURE 7, 1 Graphs showing hypothetical 
uplift history by plotting cumulative uplift 
versus the length of record, Mountain fronts 
record long periods of time, whereas fault 
scarps and historical earthquake data record 
progressively shorter time periods. The cirele- 
in-square on the mountain fronts graph out- 
lines the time period shown on the fault scarp 
graph. Likewise, the circle on the fault scarps 
graph Indicates the time period covered by 
the historical earthquakes graph. 



dividing the total (cumulative) uplift by the period of 
record. The variation of uplift rate estimates reflects 
short-term tectonic fluctuations that may be superim- 
posed on long-term trends. Thus, long-term averages of 
past uplift rates serve to constrain forecasts of uplift. 
How mountain fronts and escarpments evolve and sev- 
eral methods for their use in tectonic geomorphology' are 
discussed below. 

The most popular early attempt to relate landform 
morphology with tectonics was William Morris Davis’ 
cycle of erosion. Davis (1899) envisioned a closed geo- 
morphic system where, following a pulse of rapid uplift, 
landforms evolved through a sequence of characteristic 
landforms. Each landform assemblage in the Davisian 
sequence of “youth,” “maturity,” and “old age” stages 
differed morphologically from the others. Davis' cycle 
of erosion was highly intuitive and logical but suffered 
under the blow of equifinality. In other words it was 
possible to produce the landform assemblages in each 
stage by variables other than sequential denudation fal- 
lowing rapid uplift. For example, rock types and geo- 
logic structure differ from area to area, and the effec- 
tiveness of erosional geom Orphic processes also varies; 
yet these differences were not accounted for in the cycle 
of erosion. Despite the shortcomings of the Davisian 
scheme, the basic concept of landform adjustment fol- 
lowing tectonism remains intact. The controversy sur- 
rounding the Davisian cycle of erosion may have pro- 


vided the impetus for quantitative field investigations, 
the key to unraveling landform history, 

Recent studies (Bull and McFadden, 1977; Wallace, 
1977, 1978; Bucknam and Anderson, 1979) have exam- 
ined the interaction of tectonics and landforms using an 
empirical approach. In these studies dating or deter- 
mining rates of change of a landform or landform as- 
semblage is an ultimate goal on which tectonic interpre- 
tations may be based. Data that allow the rates of 
landform change to be estimated can be used to deter- 
mine how landforms may respond to tectonic perturba- 
tions. Hillslopes can result from tectonism such as fault- 
ing, and, therefore, hillslope evolution and slope 
processes are fundamental to understanding how ero- 
sion and tectonics interact to produce any given land- 
form. 

SLOPES 

Slopes are basic landform elements that are naturally 
combined to form landform assemblages. Hillslopes are 
that portion of the sloping landscape within a drainage 
basin that contribute sediment (by several transport 
processes) and ruhoff to streams. Slope systems denote 
landform assemblages that operate or evolve as an inte- 
grated package of surficial processes and are commonly 
delineated by their topographic expression. 

Equilibrium in slope systems can refer either to slope 
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forms that tend to persist over time or to conditions 
where the rate at which regolith or soil develops is bal- 
anced by the rate of soil removal. In the latter context, 
equilibrium slopes are suggested by field observations 
that show soil (sensu Iato) thickness to be relatively con- 
stant over aslope. Constant soil thickness requires a bal- 
ance between production of soil by weathering and its 
removal by erosion. Departures from this balance are 
either tipped toward erosion or weathering, and the re- 
sulting slopes are termed, respectively, weathering-lim- 
ited and transport-limited slopes (Young, 1972). 

Weathering-limited slopes denote a condition where 
the rate of soil removal exceeds that of soil production. 
Bare rock slopes are an example of a weathering-limited 
slope. Transport-limited slopes refer to a condition 
where the rate of soil production does not limit the rate 
of soil removal. A valley-side slope cut by drainages on 
Ihe erodible materials of “badlands” is an example of a 
transport-limited slope. 

As a slope erodes, its forms may change. Four types of 
slope evolution that describe some common patterns of 
slope change are decline, replacement, retreat, and 
rounding. Each type of slope evolution is the geometric 
result of the distribution of net erosion along a slope. 
During the history of some slopes, more than one type of 
slope evolution can take place. The relation between 
slope evolution and erosion can be described using a 
mass-flux diagram (Figure 7.2). Mass flux is a rate of 
material movement per unit of slope area and is analo- 
gous to the concept of erodibility. 

A mass-flux diagram illustrates the position on a slope 
where either erosion or deposition is most efficient. 
Slope decline is important in areas with stable base-level 
and mature topography. Though characterized by ero- 
sion throughout the length of the slope, decline results 
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FIGURE 7,2 Mass-flux diagram illustrating the differences in slope 
models in terms of how erosion or deposition is distributed along the 
profile. The solid tines mark the initial condition, and the dotted lines 
indicate profile change after some time. On the lower portion of the 
figure, white areas of the profile indicate erosion while the dark areas 
(for rounding and replacement) indicate deposition. 


from more effective erosion near the upper portions ad- 
jacent to the drainage divides. The situation of parallel 
retreat occurs when erosion is constant along a slope and 
therefore vertical lowering of the slope occurs every- 
where at the same rate. Parallel retreat is common, but 
not restricted to, areas where the upper surface is pro- 
tected from erosion by a resistant cap rock. Slope re- 
placement describes the replacement of the original 
slope by one controlled by deposition. Material eroded 
from the escarpment is deposited at the base of the slope 
and accumulates at a slope less steep than the original 
escarpment. With time, the depositional slope replaces 
the original slope. 

Slope rounding describes a symmetric erosion-deposi- 
tion feature of some slopes that decreases the curvature 
all along a slope, Fault scarps in alluvium show this 
form of evolution. Other models of slope evolution can 
be envisioned by relating the amount of material eroded 
on a slope to some morphologic factor such as slope gra- 
dient or slope curvature. Slope rounding and decline are 
similar except for the deposition that is found in slope- 
rounding evolution. In addition, as a slope evolves, the 
dominant pattern of evolution may change. For exam- 
ple, a slope may initially change by slope replacement 
and later by some other evolutionary type. In the case of 
fault scarps formed in alluvium, early slope develop- 
ment is characterized by slope replacement and later by 
slope rounding (see Nash, Chapter 12, this volume). 

FAULT-GENERATED MOUNTAIN FRONTS 

The Basin and Range physiographic province of the 
United States is characterized by fault-bounded moun- 
tain blocks. These mountains, formed where faults dis- 
placed the topographic surface, are termed fault-gener- 
ated mountains (Figure 7,3), The morphology of 
mountain fronts is strongly affected by the width of the 
range. The range width determines the maximum possi- 
ble drainage basin size that can develop. As virtually all 
of the area within the mountain block is sloping (i.e., 
draining), drainage basins fill all available space. For a 
given mountain range, larger watersheds that tend to 
have a characteristic shape also have a regular spacing 
along the mountain front. The spacing depends on basin 
shape. Regular spacing of basins measured as a ratio be- 
tween the distances of the basin mouths along the range 
front to length of the basin was noted by Wallace 
(1978). 

Drainage basin characteristics within the mountain 
range, primarily shape and size, affect the morphology 
of the mountain front and how that front may evolve. 
Large circular watersheds do not effectively fill space at 
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mountain 



FIGURE 7.3 Idealized fault-bounded mountain front and related 
terminology. 


the mountain front and therefore, depending on other 
factors, may allow for extensive triangular facets (Fig- 
ure 7.4). In some instances, triangular facets represent 
the eroded plane of faulting at the mountain front, and 
the existence of facets indicates that sufficient time to 
obliterate them has not elapsed. 

The overall morphology of typical Basin and Range 
mountain blocks reflects their integrated erosional-tec- 
tonic history. Because a lag time exists between the time 
of faulting at the structural front and transmission of 
this base-level perturbation upstream, the tectonic his- 
tory may be reflected differently in different parts of the 
drainage basin. For this reason, morphologic studies 
have emphasized the geomorphic features near the 
mountain front. 

Several morphologic features of mountain blocks may 
reflect recent tectonism. Bull and McFadden (1977) sug- 
gested that the sinuosity of a mountain front is related to 
the time elapsed since active high-angle faulting ceased 
(see Keller, Chapter 8, this volume). Linear or curvili- 
near mountain fronts have low sinuosity and may repre- 
sent recent fault movement, while mountain fronts 
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FIGURE 7 A Relation between basin shape and morphology of the 
mountain front. 


deeply embayed by pediments have high sinuosity and 
may represent tectonic quiescence or rock control. 

A maximum limit on sinuosity is achieved where the 
spur ridges separating adjacent drainage basins are not 
eroded away. This relation is shown schematically in 
Figure 7.5. Using simple geometric shapes for hypothet- 
ical pediment embayments one can show that the maxi- 
mum possible sinuosity is dependent on drainage-basin 
spacing. Given a drainage-basin spacing and given the 
constraint that the spur ridges do not erode back, sinuos- 
ity increases as erosion progresses, and, therefore, si- 
nuosity increases with time, Unfortunately, the con- 
straint that spur ridges do not erode is not valid. Spur 
ridges do erode but at rates that are much slower than 
the stream erodes it valley. With decreasing stream 
length and, hence, decreasing mountain width, the rate 
of stream valley erosion may approach that of the spur 
ridges. Thus for narrow ranges, sinuosity may be low 
and practically independent of time since faulting. In 
general, sinuosity is dependent on basin spacing, time, 
and range width. 

Stream valley erosion, and particularly the morphol- 
ogy of a stream valley in cross section, has also been pro- 
posed as a tool in interpreting tectonic activity. Bull and 
McFadden (1977) suggested that the width of the valley 
floor near the mountain front is a useful index that mea- 
sures effectiveness of stream downcutting (see Keller, 
Chapter 8, this volume). Bull and McFadden suggested 
that a simple ratio of valley floor width to average 
height of the adjacent divides be used as this index and 
demonstrated statistically significant variation in the 
ratio for different tectonic settings. 

Stream-valley morphology affords a fruitful ap- 
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FIGURE 7.5 Hypothetical mountain front used to derive a relation 
among sinuosity, range width, and basin spacing. In this derivation it 
is assumed that the spur ridges do not erode back. Different geometric 
shapes for the embayment can be used but show u similar linear rela- 
tionship between sinuosity and basin spacing. 
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staple scheme for describing stream-valley morphology 
is shown on Figure 1 , 1 . The V ratio incorporates Infor- 
mation about shape of the valley that can, in turn, be 
related to vertical uplift. V ratios near l indicate a 
U-shaped valley Ratios greater than 1 indicate a valley 
much wider than deep, whereas very small ratios repre- 
sent active downeutting that is common for streams 
flowing in V -shaped valleys. 

V ratios, shown in Figure 7,8, are not unique; The 
same V ratio may describe valleys with different mor- 
phology; however, these ratios are generally comparable 
when the valley depths are about equal between groups 
or are normalized for vallt \ depth. I tutor \ at. •• m c. 
indicate relative!) W active vertical tedomsm. 
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FIGURE 7.6 Conceptual representation <>l valley erosion. The rda- 
live rates of two ) stream downcutting aw! slope recession, 
determine the morphology of t h* resultant e aikn , 


EAULT.-CENERATED ESCARPMENTS 


proswrib to tectonic history based on several peomorphlc 
V'Cilcv evr ; . iii the context * Basin and Hange 
physiography. First, >tmttns duwnctit in responst to 
vertical uplift, and slow net it t mg becomes less i input taut 
as I tic -t > i -a m gradient readjusts to the new h ws ei cd base 
level. Second, w hen the mode oi erosion of the \ alley - 

■•■vf. u ■ it hs- Hi . 

ogy of the stream valley .is related to .both the rate of 
stream dm* ru/ul ting and the rate of slope retreat This 
concept Is illustrated on Figure 7,6 and simply slates 
that the voluit eol ' . , -hen a slreau v,* 

ley is formed is related to both sir earn and Mllslope ero- 
siorsal processes and that the resultant valley depends on 
tlte relative rates of the two processes. 

Morphologic descriptions of stream valleys, within 
the contest ol the *pe< ific postulates noted above . can 
then be used to make some meaningful interpretation. A 


Fault- generated escarpments are characterized by a 
; >•*.•„ ... socialcd talus slope H>>t k ma- 

terials fall off the free face and accumulate on the talus 
'lr>pe f-ot face dupe angles arc com monk thin 

ID . whereas. the angles .m the talas slopes are largely 
controlled by the angle oi repost of the materials com- 
prising the talus. Some escarpments shew a slojie re 
placement mode of evolution (figure 7.9 and 111)), 
while others show' slope retreat , 

The location of drainage divides with respect to the 
cliff face in large part determines the morphologic evo- 
lution or escarpments. The spatial relationship* be- 
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FIGURE 7,S Com$.mmon between grso**»M»«i valley i»«rj»b»lo0« 
and their associated V mifcm The V ratic is defined: m Figure 7.7. 
Larger ratio* indicate that sSofM: rotsMkm b nioie ha|M*riitat than 
stream downeuttirigand, m ;* mliin.; mi the actual rates, indicate 
tectonic ijuieseenee, 


FIGURE 7,7 A am> n- .*1 index of .*!!<■. Huirplwtogy earl be ■ >■!( u 
teed hf ecaitgraiftig the arm itf rise art ua ■ valley cross section with the 
area of ti seiiifchvfc with radius equal to the height of the adjacent 
df auieye divide 




he the height of the triangle and the width of the embay* 
men! at the esc arpr « rrt front to tx tht base of the triad 
gle, The geometry of these embayments is dependent on 
the size of the stream in the valley. The relationship be- 
tween stream length and embayment length is linear. 
For embay merits eroded into cliffs around the Grand 
Canyon, embayment length is proportional to the 
length of the stream. These relations imply that the re- 
gression line relating stream length and embayment 
length for an escarpment has temporal significance and 
can be used for relative dating of escarpments. Older 
escarpments should plot above younger escarpments, all 


m linearity, iypometiy, and dissection. Where an es- 
carpment is also a drainage divide i Figure 741) there is 
a tendency toward maintaining linearity and also for a 
slope* retreat mode of escarpment evolution. The Mo* 
goiioit Rim in central Arizona is an example of a high 
escarpment that is also a drainage divide (Figure 741), 
separating flow onto the Colorado Plateau from flow 
into the Basin and Range province. The Hurricane 
Cliffs are another example where linearity is main- 
tained to some extent by the coincidence of drainage di- 
vide and escarpment. The Grand Wash Cliffs, in con- 
trast, are deeply embayed (Figure 742). This is due* in 
part to their antiquity, but also because the main drain- 
age divide did not coincide with the escarpment. Signif- 
icant drainages cut the Grand Wash Cliffs, the largest of 
■which is the Colorado River, 

Streams 1 rwing across fault generated escarpments 
erode valley embayments. Many of the embayments in 
their most simplified planimetfie form resemble Irian 
i ir ruts mtu the uplift* 1 • - inenf We can con- 


re being comparable 


Another factor influencing the geometry of escarp- 
ment embayment s is the rate of slope retreat . The more 
rapid the slope retreat relative to headward advance of 
the embayment, the wider the embayment mouth. Be- 
cause the embay merit’s length and width dimensions 
grow at different rates, the resulting geometry* cat! be 
referred to as anisometric and, where well described: by 







pedimentation, and other geomorphic procmi permit 
estimates of the rates of •; > h,rm j.r.i. -..i !• .• verli 
cal uplift. Pediments, for example, are bedrock surfaces 
formed by erosion of a mountain block that gently slope 
toward the basin and commonly are covered by some 




' 1 ( " u I ’ A >'« ' >< •“ ' fMphk' (Ilium 'Fli’f.s HU'S. iris*. s , at The I 

trending Upper Grand Wiisti CIMfe shows step <*mb« iin-iit by dw-ams Irwwwing. The t-anyon* in (he «arth a«l eastern portions of (he pint 
tributaries. to the ( at ■ mdn :iiv*;r in the Grand Cinyasfc 




TECTONIC CGOMOatMOLOG* OF MSCAiifMESTS AND MOUNTAIN FHONTS 


thi< km-i.' ,:iMr! 1 1 iyiH-7. l.i'i rho> hum only under 
conditions where the rate of piedmont erosion is greater 
than the rate of uplift across a range- bounding fault. 
Where rock control is not a factor, pediments represent 
a period of tectonic inact ivi ty and thus are binary in na- 
ture. Pediment widths are dependent on the time since 
active faulting along the range front and also on drain- 
age basin slope and length. Estimates of pad* mentation 
rates are generally ia the range of 300-1000 in per mil- 
lion years {m.y,) {Young and Brennan, 1974; Wallace 
1978} A pediment 2 km wide may therefore represent a 
period of tectonic quiescence that lasted greater than 
2 m. v. Pediments that form in conjunction with cliff re* 
treat from fault-generated escarpments ran be used in 
an analogous fashion. 

Basalt flows and volcanic ash deposits provide an 
unique opportunity to determine the ages of tectonic 
events and the rates of geomorphic processes. They can 
preserve a datum that records previous river levels or a 
prefaulting topography. For example, if a basalt flowed 
down a river channel and subsequent tectonically in- 
duced entrenchment results in topographic inversion 
with the old channel preserved by the basalt, then the 


amount and geometry of downcutting can lie deter- 
mined (Figure 7. 14). 

The Grand Wash in northwestern Arizona is an ex- 
ample of topographic inversion (Figure 7,1.5). Basalts 
flowed down the Grand Wash valley about 7 m.y. ago 
(Hamblin etai., 1981), Base-level fall, perhaps related 
to the downcutting by the Colorado River, resulted in 
entrenchment. When downcutting hi large streams is 
caused by tectonic uplift, the total amount of downcut- 
ting approaches the total amount of uplift, Because a 
former river level is both preserved and dated by basalt 
flows, average downeutting rails can be calculated, 
which turn out to be M mi/rn.y, for the Grand Wish 
(Hamblin vt al . , 1981), Similar calculations indicate 
that the Hurricane fault, near the town of Hurricane. 
Utah, has a minimum vertical slip rate of 390 m/m.y, 
for the last 0,3 m.y. 

The amount of downeutting. however, decreases up- 
stream from the base-level fall. Bice (1989), using four 
dated basalt flows, estimated a 95 in/ m.y. average 
downeutting rate of the Little Colorado River over the 


Alternatively, if an area containing basalt flows has 
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of California (Bateman and Wahfhaftlg, Mi®, I '* of 
volcanic ashes to date •■msionai sr depositions! snrfaees 
are also abundant. (Young and Brennan, 1974). Field re- 
lations using dated basalts hftve supported: tectonn geo- 
tnorphologic inference regarding i lassical ge&l»:Ctr|sWc 
problems Including the development of the western 
margin of the Colorado Plateau and the evolution of the 
Grand Canyon (McKee and McKee, 1972: Hamblin at 
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graphic fronts can be used to describe long-term tectonic 
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history. Forecasting tectonic activity requires a long re- 
cord, and therefore the tectonic geomorphology of land- 
forms with long survival times will be an important in- 
gredient in estimating tectonic hazards. Rates of 
geomorphic processes such as pedimentation or stream 
downcutting can act as a clock that starts ticking follow- 
ing the formation of a tectonic landform. Present lim- 
ited knowledge of these rates suggests that during pe- 
riods of active faulting in the Basin and Range province, 
fault-slip rates of about 0. 1-1 m per 10,000 yr or greater 
are needed to generate high topographic escarpments, 
and these periods of active faulting may last on the order 
of a million years. 

The Hurricane escarpment, in southern Utah, for ex- 
ample, was formed by an average fault-slip rate of 3 m 
per 10,000 yr. Landforms, such as scarps, produced by 
slip rates less than 1 m per 100,000 yr may be sufficiently 
obliterated by erosion to preclude the accumulation of 
relief across a mountain front. Relations between the 
recurrence interval of ground-rupturing earthquakes 
and mountain front development need closer study. 
Many of the methods described above can be easily used 
and rapidly applied, and, therefore, regional studies are 
both possible and desirable. The need for more data on 
geomorphic rates is a limiting factor on the interpreta- 
tion of such analyses, and therefore Quaternary dating 
is a corequisite for continued research in the field of tec- 
tonic geomorphology'. 
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ABSTRACT 

Evaluation of landforms, soils, and deposits formed by active tectonics is providing basic data 
necessary for long-term earthquake prediction, seismic-hazard evaluation, and probabilistic 
seismic-risk assessment. 

Investigation of active tectonics based on gcomorphic techniques varies from regional recon- 
naissance work to detailed, site-specific, process-response study. Gcomorphic indices and land- 
form assemblages arc useful in regional evaluation to identify relative tectonic activity and sites 
where rates of active-tectonic processes may be evaluated. Process-response studies involve cou- 
pling of geologic and gcomorphic processes with responses of the landscape. Such an approach 
involves study of faulted Holocene (less titan 10,000-yr-old) deposits; faulted landforms such as 
offset streams, alluvial fans, marine terraces, river terraces, and glacial moraines; and change in 
fault-scarp morphology with time. 

Rates of active-tectonic processes may be calculated from gcomorphic evaluation, provided 
deformation of a specific landscape feature is measured and chronology of the deformed feature 
is established. It is usually easier to identify and measure deformation of features than establish 
chronology, and even if rates of tectonic deformation can he established, evaluation of their 
significance may he difficult because they often vary in time and space owing to geologic con- 
straints. For examples, slip rates may vary along different segments of the same fault owing to 
changes in tectonic framework, and rates of uplift of terraces or other landforms may change 
through time as a function of mechanics of deformation, 


INTRODUCTION 

Understanding and long-term prediction of earth- 
quakes associated with active tectonics lias experienced 
remarkable progress in recent years through the study of 
near-surface processes (geo morphology). Studies of geo- 
logically young (less than 10,000-yr-old) and slightly 
older (less than 125,000-yr-old) landforms, soils, and 
deposits are providing basic data necessary for long- 
term earthquake prediction, seismic-hazard evaluation, 


and probabilistic seismic-risk assessment. A large mrnir 
ber of faults capable of producing damaging earth- 
quakes have been identified and evaluated to determine 
rates of movement and potential earthquake hazard. 
For a few faults, including the San Andreas Fault north 
of Los Angeles, California, and the Wasatch Fault near 
Salt Lake City, Utah, recurrence intervals of recent 
(prehistoric) earthquakes have been determined (Allen, 
1983). 

Information concerning rates of movement along 
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faults, potential earthquake hazard, and recurrence of 
large earthquakes obtained from quantitative field 
studies in geomorphology is extremely useful in long- 
term (tens to hundreds of years) land-use planning, a 
goal of which it earthquake-hazard reduction. Specifi- 
cally, studies of active faults are providing critical infor- 
mation necessary for residential and commercial zoning 
near active faults; establishing building codes; and 
planning for large dams, nuclear power plants, liquified 
natural gas facilities, and other critical facilities. 

Geomorphic evaluation of active tectonics has taken 
two approaches depending on whether reconnaissance 
information or detailed evaluation is desired. Recon- 
naissance work to identify areas where active tectonics is 
particularly significant generally involves the use of geo- 
morphic indices (sensitive to rock resistance, climatic 
change, or tectonic processes) or assemblages of land- 
forms produced or modified by active-tectonic pro- 
cesses. Detailed, site-specific study of active tectonics of- 
ten involves evaluation of process-response models that 
attempt to explore relations between landforms, earth 
materials, geomorphic processes, and active tectonics 
integrated through time. The concept of time or chro- 
nology is introduced here because without establish- 
ment of a reliable chronology, process- response models 
will not yield rates of faulting and recurrence intervals 
of damaging earthquakes that are necessary in evaluat- 
ing seismic risk. Much of the remainder of this paper 
will emphasize these points: use of geomorphic indices 
in reconnaissance studies of active tectonism; landform 
assemblages as indicators of active tectonism; and use of 
process-response models in establishing relations be- 
tween landforms, earth materials, geomorphic pro- 
cesses, and tectonic processes for devising rates of active 
tectonics. Figure 8.1 summarizes the two main ap- 



FIGURE 8.1 Active tectonics and gcomorphology: data input, out- 
put, and use to society. 


proaehes to studying geomorphologic indicators of ac- 
tive tectonics and use to society. 

GEOMORPHIC INDICES AND ACTIVE 

TECTONICS 

Geomorphic indices are useful tools in evaluating ac- 
tive tectonics because they quickly provide insight con- 
cerning specific areas or sites in a region that is adjusting 
to relatively rapid rates of active-tectonic deformation. 
Indices that have been most, successful are related to ero- 
sional and depositional processes associated with fluvial 
(river) systems. The best known of these are the stream- 
gradient index (SL index) developed by Hack (1973), the 
mountain-front sinuosity (S,„f index) developed by Bull 
(1977a, 1978), and the ratio of valley-floor width to val- 
ley height (V/ index) also developed by Bull (1977a, 
1978). 

Stream-Gradient Index 

The stream-gradient index (Hack, 1973), later ap- 
plied to the San Gabriel Mountains in southern Califor- 
nia by Keller (1977), is defined as 

SL = ( AIIIAL)L , (8.1) 

where SL is the stream -gradient index, AHIAL is the 
local gradient of the stream reach where the index is 
computed (AH is the drop in elevation of the reach and 
AL is the length of the reach), and L is the total channel 
length from the drainage divide to the center of the 
reach, measured along the channel. 

The SL index is crudely related to the available 
stream power, defined as the product of water discharge 
and water-surface slope, and thus reflects the ability of 
the stream to transport its load. The index is a surrogate 
for stream power because the upstream channel length 
is proportional to bankfull discharge and the slope of the 
water surface is approximated by the slope of the chan- 
nel bed. 

The stream-gradient index is particularly sensitive to 
changes in slope and thus is a valuable too! in evaluating 
active tectonics with a strong vertical component of de- 
formation. However, the index is also sensitive to rock 
resistance (resistant rock produces a steep channel 
slope), and differentiating between effects of tectonics 
and rock resistance may be difficult. That is, values of 
the index are high in areas where the rocks are particu- 
larly resistant or where active tectonics has resulted in 
vertical deformation at the Earth’s surface. Therefore, 
anomalously high SL indices in rocks of low or uniform 
resistance is a possible indicator of active tectonics. Fig- 
ure 8.2 shows stream-gradient indices for the San Ga- 
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FIGURE 8.2 Stream gradient (SL) indices 
for the San Cahriel Mountains, California, 
See text For explanation. 



briel Mountains in southern California. Areas of anom- 
alously high indices are located along the southern and 
eastern fronts of the range. Although it was previously 
known that rates of uplift were relatively high in these 
areas, the indices verified this and also delineated an 
area of unusually high indices near the location of the 
197 1 San Fernando earthquake. Thus a regional evalua- 
tion of the San Gabriel Mountains suggests that detailed 
studies along the southern and eastern fronts of the 
range as well as near San Fernando have the best chance 
of yielding rates of vertical tectonics (uplift), slip rates 
along active faults, and recurrence intervals of damag- 
ing earthquakes. Areas where stream-gradient indices 
are relatively low are associated with two general condi- 
tions: areas where soft sedimentary rocks are abundant 
and along major strike-slip faults (the San Andreas and 
San Gabriel Faults) where horizontal movement has 
crushed the rocks producing zones low in resistance to 
erosion. 

The SL index over a region can be computed from 
small-scale topographic maps. The index could also be 
computed from analyses of elevational data stored in 
computer systems. Therefore, in theory, large regions 
may be evaluated quickly, although interpretation of 
the index will remain crude because it may be difficult 
to separate effects of rock resistance from active tecton- 
ics. Nevertheless, the SL index is a valuable reconnais- 
sance tool useful in isolating smaller areas for detailed 
work. 


Mountain-Front Sinuosity 

Mountain-front sinuosity (S,„f) is defined as 

Smf = L tn flL s , (8-2) 

where L, n f is the length of mountain front along the 
mountain-piedmont (foot of mountain) junction and L s 
is the straight-line length of the front. The S mf index re- 
flects a balance between the tendency of streams and 
slope processes to produce an irregular (sinuous) moun- 
tain front and vertical active tectonics that tends to pro- 
duce a prominent straight front (Bull and McFadden, 
1977). Thus, mountain fronts associated with active up- 
lift are relatively straight, but if the rate of uplift is re- 
duced or ceases, erosional processes will begin to form a 
sinuous front that becomes more irregular with time. 

Mountain-front sinuosity was used by Bull and Mc- 
Fadden (1977) to evaluate the marked contrast in tec- 
tonic activity north and south of the Garlock Fault in 
California. North of the fault the values of S mr are low, 
suggesting active tectonics, whereas south of the fault 
the S n) f values suggest relative tectonic stability. 

Rockwell and Keller (in press) used mountain-front 
sinuosity in the Ventura Basin, southern California, 
where S rn f values vary from about 1 to 3. Low sinuosity 
(1.01 to 1.14), characteristic of tectonically active fronts, 
can be maintained in the Ventura area if a threshold rate 
of uplift greater than 0.4 mm/yr is maintained. 

Mountain-front sinuosity, like the stream-gradient 
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index, is a valuable reconnaissance tool when evaluating 
effects of active vertical tectonics. The S,„f index is par- 
ticularly attractive because it can he quickly and easily 
measured from aerial photographs, satellite or other 
high-altitude imagery, or topographic maps. 

Ratio of Valley-Floor Width to Valley Height 

The ratio of the width of valley floor to valley height 
Vj may be expressed by 

Vj = 2V r f w /[(£| t i - £ w ) + (E td - £*)], (8.3) 

where Vfw is the width of valley floor, £w and £ r j are the 
respective elevations of the left and right valley divides, 
and E sc is the elevation of the valley floor (Bull and 
McFadden, 1977). In determining Vj, the data are mea- 
sured at a given distance up from the mountain front. 
The index reflects differences between broad-floored 
canyons with relatively high values of Vj and V-shaped 
canyons with relatively low values. Comparison of Vj 
values measured from valleys emerging from different 
mountain fronts or different parts of the same front pro- 
vides an indication of whether the streams are actively 
downcutting (forming V-shaped valleys with low Vj) in 
response to active tectonics or are being eroded laterally 
(forming broad valleys with high Vj) in response to rela- 
tive stability of the front. 

The Vj index was tested by Bull and McFadden (1977) 
for mountain fronts north and south of the Garlock 
Fault. They found that values of the index varied from 
0.05 to 4.7, with the lower values being derived from 
valleys north of the fault where mountain fronts are tec- 
tonically active. The index was also tested by Rockwell 
and Keller (in press) for mountain fronts near Ventura, 
California, where Vj ratios show similar trends to that 
established by Bull and McFadden — being lower for rel- 
atively active fronts than for fronts with lesser rates of 
uplift. 

TECTONIC CEOMORPHOLOCY AND 

LANDFORM ASSEMBLAGE 

A genetic classification of Iandforms is possible be- 
cause different geomorphic processes tend to produce a 
characteristic assemblage of Iandforms. For example, 
the discussion of geomorphic indices suggested that ac- 
tive vertical tectonics tends to produce straight moun- 
tain fronts with V-shaped canyons and streams with rel- 
atively steep gradients for a particular rock type. On a 
more local scale, as for example along a specific moun- 
tain front or fault zone, active tectonics often modifies 
or produces characteristic landform assemblages. For 


example, alluvial fans have a variable morphology 
somewhat dependent on tectonic processes, and active 
strike-slip faulting produces a specific set of tectonic 
Iandforms. A tacit assumption in the evaluation of land- 
form assemblages produced by active tectonics is that 
the more pristine or fresh appearing the Iandforms are, 
the younger the tectonics is assumed to be. Discussion of 
alluvial-fan morphology and tectonic activity as well as 
the assemblage of Iandforms associated with strike-slip 
faulting will illustrate the above concepts. 

Alluvial Fans 

An alluvial fan is the end point of an erosion al-deposi- 
tional system in which sediment eroded from a moun- 
tain source is transported to the mountain front. There 
it is deposited as a cone or fan-shaped body of fluvial 
and/or debris-flow deposits (Bull, 1977b). The stream is 
the connecting link between the erosional and deposi- 
tional parts of the system (Bull, 1977b) and therefore has 
a significant influence on the morphology of the alluvial 
fan. Radial profiles for most fans are composed of sev- 
eral segments, which together are gently concave. 
Breaks in slope mark boundaries between segments, and 
younger segments may be identified from older ones 
based on relative soil profile development, weathering 
of alluvial clasts, dissection of the surface by small 
streams, and development of desert varnish [see Bull 
(1964, 1977b) for a more detailed discussion of seg- 
mented alluvial fans]. 

Alluvial-fan morphology is an indicator of active tec- 
tonics because the fan form reflects varying rates of tec- 
tonic processes such as uplift of the source mountain 
along a range-bounding fault or tilting of the fan sur- 
face. When the rate of uplift of the mountain front is 
high relative to rate of stream-channel downcutting in 
the mountain and to fan deposition, then fanhead depo- 
sition tends to occur, and the youngest fan segment is 
near the apex of the fan. If the rate of uplift of the moun- 
tain front is less than or equal to the rate of downcutting 
of the stream in the mountain, then fanhead trenching 
occurs and deposition is shifted downfall. Younger fan 
segments will then be found well away from the moun- 
tain front (Figure 8.3 shows these two conditions). 
Change in sediment or water yield may also cause 
fanhead trenching, but this tends to be temporary if 
mountain-front uplift persists (Bull, 1964) . 

The above model of segmented alluvial fans relative 
to active tectonics has been successfully tested for allu- 
vial fans in Death Valley, California (Hooke, 1972). 
Hooke found that eastward tilting and normal faulting 
produced segmented alluvial fans. On the east side of 
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FIGURE 8.3 Alluvial fan morphology. (A) deposition adjacent to 
mountain Front and (B) deposition shifted downfan as a result of 
fanhead entrenchment. See text for further explanation. From Bull 
{1977b). 


the valley alluvial fans are relatively small and steep, 
and active normal faulting produces a straight moun- 
tain front with young fan segments being deposited on 
fanhead areas. On the west side of the valley alluvial 
fans are larger, not so steep, and not so influenced by 
mountain-front uplift. Lesser uplift and eastward 


tilting of the fans has shifted to the locus of fan deposi- 
tion downfan; fanhead trenching occurs, and the youn- 
ger fan segments are located well away from the fan 
apex, A similar tendency was noticed for alluvial fans in 
the Ventura, California, area that are being tilted ba- 
sinward by active tectonics (Rockwell and Keller, in 
press) . As with the geomorphic indices, the study of allu- 
vial fans provides reconnaissance information concern- 
ing relative rates of active tectonics, 


Landform Assemblage: Strike-Slip Faulting 

Active strike-slip faulting produces a characteristic 
assemblage of landforms including linear valleys, offset 
or deflected streams, shutter ridges, sags, pressure 
ridges, benches, scarps, and small horst and grabens 
known as microtopography (see Figure 8.4, opposite 
page). Figure 8.5 shows fault-related landforms associ- 
ated with an offset alluvial fan located along the San 
Andreas Fault in the Indio Hills of southern California. 
The fan is offset about 700 m, and making an assump- 
tion concerning the age of the fan from soils (Keller el 
al . , 1982a) the slip rate for this part of the San Andreas 
Fault is at least 1 cm/yr and probably closer to 3 cm/yr. 
Small streams at the upper part of the fan are offset sev- 
eral meters, suggesting that tectonic creep or moderate 
to large earthquakes have occurred in the past few thou- 
sand years. There have been no large earthquakes along 
the southern part of the fault in historical time (several 
hundred years), but the geomorphology in the fault 



FIGURES. 5 Sketch map of offset alluvial fun along tlieSan Andreas 
Fault in the Indio Hills, California. Modified from Keller ot at. 
(1982a). 
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FIGURE 8.4 Assemblage of landforms as- 
sociated with active strike-slip faulting. Mod- 
ified from Wesson cl al. (1975), 


zone suggests that earthquakes are likely to be generated 
there in the future. 

Active strike-slip faulting in the offshore southern 
California continental borderland also has distinctive 
geomorphic expression characterized by linear troughs, 
sags, tectonic benches, fault scarps, and offset or de- 
flected channels associated with submarine fans. A re- 
cent study of the San Clemente Fault zone (Legg and 
Luyendyk, 1982), utilizing topographic data from 
Seabeam surveys, demonstrated that the data base and 
resolution is now sufficient to begin studying subma- 
rine-tectonic geomorphology to improve mapping of ac- 
tive faults and to evaluate long-term earthquake haz- 
ard. Figure 8.6 shows topography and tectonic 
landforms associated with the San Clemente Fault zone 
(M. R. Legg, University of California, San Diego, per- 
sonal communication, 1983). 

Many of the topographic features associated with ac- 
tive strike-slip faulting such as sags, pressure ridges, and 
fault scarps can be explained by simple shear that pro- 
duces contraction and extension as illustrated on Figure 
8.7 (Wilcox et al., 1973; Sylvester and Smith, 1976). 
Others are better explained by extension or contraction 
associated with releasing or constraining bends or steps 
of fault traces as illustrated on Figure 8.8 (Crowell, 
1974; Dibblee, 1977). 

PROCESS-RESPONSE MODELS: RATES OF 

ACTIVE TECTONICS 

Process- response models in active tectonics are 
broadly defined to include the investigation of earth ma- 



FIGURE 8.6 Sketch map of part of the Sar. Clemente Fault zone. 
Data are from Seabeam survey. Courtesy of Mark R. Legg, University 
of California, Kan Diego. 
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FIGURE 8,7 Simple shear associated with strike-slip faulting pro- 
duces preferred orientation of fractures, faults and folds (A) as well as 
extensional and contraetional landforms (B). Figure modified from 
Wilcox cl of. (1973), Sylvester and Smith (1976), and Keller et af, 
(1982a), 


terials, landforms, and late Pleistocene-Holocene chro- 
nology, the purpose of which is to derive rates of active 
tectonics (slip rates on faults, rates of uplift or subsi- 
dence, and recurrence intervals of damaging earth- 
quakes). Such investigations have been very successful 
in recent years and are providing basic data necessary 
for long-term (tens to hundreds of years) earthquake 
prediction. Examples include (1) paleoseismic construc- 


tion (occurrence and recurrence intervals of prehistoric 
earthquakes) obtained from studying faulted Holocene- 
alluvial sequences of stream, marsh, lake, or landslide 
deposits (Clark et ah, 1972; Sieh, 1978; Davis, 1981; 
Rust, 1982); (2) paleoseismic construction based on 
fault-scarp morphology change with time (Wallace, 
1977; Bucknam and Anderson, 1979; Nash, Chapter 11, 
this volume); and (3) rates of uplift, slip rates on active 
faults, and/or recurrence intervals of assumed earth- 
quakes based on chronology and offset of landforms 
such as alluvial fans (Keller et al., 1982a), marine ter- 
races (Matsuda et ah, 1978; Lajoie et ah, 1979, 1982; 
Keller et ah, 1982b), offset streams (Sharp, 1981; Sieh, 
1981), and glacial deposits (Schubert. 1982). 


Fault-Scarp Morphology 

Slope morphology of scarps produced by faulting is a 
successful geomorphic indicator of active tectonics. Fig- 
ure 8.9 shows generalized slope elements associated 
with a fault scarp. All the elements shown need not be 
present for a particular scarp, and because slopes are 
dynamic changing landforms, the dominance of one ele- 
ment relative to others changes with time. Table8.1 and 
Figure 8.10 summarize form-process relationships for 
fault-scarp morphology change with time as discussed 
by Wallace (1977) for the Great Basin area in Nevada. 
Wallace was able to develop the chronology shown on 
Figure 8.10 and Table 8.1 by studying fault scarps that 
truncate ^C-dated shorelines of Pleistocene Lake La- 
hontan, are associated with volcanic ash of known age, 
were produced by known earthquakes, or can be dated 
by tree rings (dendrochronology') . 

Recurrent displacement along the same fault line pro- 
duces h composite fault scarp. Wallace (1977) stated 
that multiple displacements on a compound fault scarp 


FIGURE 8.8 Pressure ridges und sags asso- 
ciated with restraining and releasing bends 
and/or steps along strike-slip faults. Modified 
after Crowell (1974) and Dibbtec(1977). 
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FIGURE 8.9 Basic slope elements that may be present on a fault 
scarp. After Wallace (1977). 


can be recognized by sharp breaks in slope on the scarp, 
benches or terraces associated with small channels that 
have eroded through the fault scarp, knickpoints (short 
vertical or steep sections) in channels that cross the 
scarp, scarp height that exceeds that likely produced by 
a single event, and progressive displacement (older ma- 
terial has been displaced more than younger material). 

Change in fault-scarp morphology with time is being 
treated quantitatively. Bucknam and Anderson (1979) 
developed relations between scarp height and scarp- 
slope angle for fault scarps in Utah with estimated ages 
ranging from 1000 to 100,000 yr (Figure 8,11). Their 
studies verify Wallace’s (1977) conclusion that with 



FIGURE 8.10 Change in slope elements (fault-scarp morphology) 
with time for fault-scarp degradation in the Great Basin area of Ne- 
vada. After Wallace (1977). 


TABLE 8.1 Fault Scarp-Slope Morphology 


Slope 

Element 

Morphology 

Process (Formation and/or 
Modification 

Comments and General Chronology 

Crest 

Top of fault scarp (break in slope); ini- 
tially shnrp, becomes rounded with 
time 

Produced by faulting; modified by 
weathering, mass wasting 

Becomes rounded after free face disap- 
pears; usually rounded after about 
10,000 yr 

Free Face 

Straight segment; initially 45° to over- 
hanging 

Produced by faulting; modified by 
weathering, gullying, mass wasting; 
eventually buried from below by ac- 
cumulation of debris 

Dominant element for 100 year or so; 
disappears after about 1000-2000 yr 

Debris Slope 

Straight segment; at angle of repose of 
material usually 30° to 38° 

Accumulation of material that has fallen 
down from the free face 

Js dominant element after about 100 yr, 
remains dominant until about 
100,000 yr, disappears at about 
1,000,000 yr 

Wash Slope 

Straight to gently concave segment; 
overlaps the debris slope; slope angle 
generally 3° to 15° 

Fluvial erosion and deposition; deposi- 
tion of wedge or fan of alluvium near 
toe of the slope; some gullying 

Is developed by 100 yr, significant by 
1000 yr, and dominant by 100,000 yr 

Toe 

Base of fault scarp (break) in slope) 
slope; may be initially sharp, but with 
time may hecome indeterminate as 
grades into original slope 

Fluvial erosion and deposition; owing to 
change in proccss/form from upslope 
element (free face, debris slope, or 
wash slope) to original surface below 
the fault-scarp slope 

More prominent in young fault scarps or 
where wash slope is not present; on 
scarps older than about 12,000 yr. the 
basal slope break is sharper than the 
crestal slope break 


“After Wallace (1977) for fault scarps in the Great Basin. 





144 


EDWARD A. KELLER 



FIGURE 8,11 Relationship between fuuil-scurp height and scurp- 
slopc angle from scarps rangi ng in age from ltF and 1 O' 5 y r. After Buek- 
nam and Anderson (1079). 


time the angle of a scarp degrades to a lower-slope an- 
gle. For example, for a 3-m-high scarp (shown on Figure 
8.11) , as the scarp-slope angle decreases from 28° to 10° 
the scarp age increases from 1000 to 100,000 yr. In the- 
ory, once fault-scarp degradation curves, such as those 
on Figure 8, 11, are derived for an area, the investigator 
can assign estimated ages to faultscarps of known height 
and slope angle and estimate the earthquake hazard and 
history. However, care must be taken in making pa- 
leoseismic statements because (1) the initial scarp from a 
single event may vary with materials composing the 
scarp and local change in pattern of fault displacement, 
e.g., multiple, composite-overlapping rupture versus 
single rupture scarps (A. J, Crone, U.S. Geological Sur- 
vey, personal communication); and (2) temporal and 
spatial variations in climate may produce a variable 
fault-scarp morphology. 

Faulted Holocene Deposits 

Erosional and depositional processes produce stream, 
marsh, lake, and landslide deposits that, when faulted, 
may produce valuable information concerning slip 
rates, rates of uplift or subsidence, and paleoseismicity, 
Two examples from the San Andreas Fault system in 
southern California are the Coyote Creek Fault — part 
uf the San Jacinto Fault zone (a major branch of the San 
Andreas Fault) — and the San Andreas Fault at Pallett 
Creek (Sieh, 1978), 


Holocene paleoseismicity on the Coyote Creek Fault 
was determined by evaluating progressive vertical dis- 
placement of lake deposits. Clark etal. (1972) and Sharp 
(1981) estimated that the recurrence interval for earth- 
quakes similar to the April 9, 19G8, Borrego Mountain 
earthquake (M = 6.7) varies from 50 to several hundred 
years. The slip rate for the fault is also variable, being 1 
to 5 mm/yr for Holocene (less than 10,000 yr) offsets and 
as high as 8 to 12 mm/yr for a mid-Pleistocene (about 
700,000 yr) offset. 

Geomorphic investigation of the San Andreas Fault 
north of Los Angeles has helped answer an important 
question for understanding the earthquake hazard — 
how often do large earthquakes occur? Data from Pal- 
lett Creek, 55 km northeast of Los Angeles (Sieh, 1978) 
and two other sites up to 125 km northwest of Pallett 
Creek (Davis, 1981; Rust, 1982) suggest that three large 
prehistoric earthquakes since the sixteenth century may 
be correlated over a long (125 km) segment of the fault. 
Sieh (1978) believed that evidence from faulted peat de- 
posits at Pallett Creek (dated by J,1 C) suggest that there 
may have been 12 large earthquakes in the past 1700 yr. 
One of these was historical (1857) and 11 were prehis- 
toric, suggesting an average recurrence interval of 
145 yr. However, the length of time between such events 
may vary from as short as 50 yr to as long as 250 yr (Sieh, 
1978) . Using the most recent five events, which are well 
dated and established, the average recurrence interval is 
about 200 yr (K. E, Sieh, California Institute of Tech- 
nology, personal communication, 1984). Paleoseismic 
construction of this segment of the San Andreas Fault, 
known as the “Big Bend,” is providing data useful in 
long-term earthquake prediction. 

Faulted Landforms 

Evaluation of faulted landforms (especially those 
with multiple displacements) including stream chan- 
nels, river terraces, marine terraces, and glacial mo- 
raines is helping answer fundamental questions con- 
cerning active tectonics. Some of these questions are: (1) 
Are rates of faulting constant through time? (2) Which 
faults produce the greatest earthquake hazard? (3) Are 
historical rates of faulting, based on first-order leveling, 
verified in the recent geologic record? (4) What is the 
potential for seismic shaking or ground rupture at a par- 
ticular site? (5) What is the likely displacement per event 
and recurrence interval of earthquakes for specific ac- 
tive faults? 

Study of a series of marine terraces (Matsuda et al., 
1978) south of Tokyo, Japan — believed to have been 
produced by a series of sudden uplifts during large 
earthquakes — suggest that there have been four great 
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FIGURE 8. 12 Faulted terraces of the Ventura River near Oak View, 
California, 


(M greater than 8) earthquakes in the last 6000 yr with 
an average recurrence interval of 1500 yr. The investi- 
gators also located an area where they believe a large 
earthquake is likely in the relatively near future. They 
base their long-term prediction on the fact that the area 
near the expected epicenter may be a seismic gap, iden- 
tified by a local uplift rate that is less than the regional 
average during the last several thousand years. 

Investigation of faulted terraces in New Zealand, Ja- 
pan, and the United States are yielding estimates of slip 
rates and recurrence intervals of potential earthquakes. 
A flight of seven terraces of the Waiohine River, New 
Zealand, have been progressively offset during the late 
Pleistocene and Holocene along the Wairarapa Fault 
(Lensen and Vella, 1971). Making assumptions con- 
cerning the chronology the investigators concluded that 
the horizontal slip rate for the fault is 3.4 to 6 mm/yr, 
and assuming a 3-m horizontal displacement per earth- 
quake event, a recurrence interval of 500 to 900 yr is 
obtained. A similar study of a flight of nine terraces of 
the Kiso River, Japan— -progressively displaced (left-lat- 
eral) by the Alter Fault — is presented by Yoshikawa et 


al. (1981). A 11 C date of about 27,000 yr for a terrace 
with measured horizontal and vertical displacement of 
140 and 28 m, respectively, provides a slip rate of about 
5 and 1 mm/yr, respectively. Assuming a S-m displace- 
ment per event (based on an M = 8.4 earthquake in 
1891 on a similar fault GO km to the east) yields a recur- 
rence interval of 1600 yr for a similar event on the Alter 
Fault. As a final example of river terraces, investigation 
of several late Pleistocene-Holocene terraces of the Ven- 
tura River near Oak View, California (Keller et al., 
1982b), displaced by flexural-slip faulting (Figure 
8.12), yields slip rates that vary from about 0.3 to 
1.1 mm/yr. The important aspect of the study was the 
recognition that the faults produce a ground-rupture 
hazard rather than seismic-shaking hazard (Yeats etal., 
1981; Yeats, Chapter 4, this volume). Assuming a slip 
event of 25 cm (similar to a flexural-slip event near Lom- 
poc, California, in 1981 that produced a 570-m rupture 
surface and an M = 2.5 earthquake (Yerkes et al., 
1981), the recurrence interval would vary from 250 to 
750 yr. 

Offset stream channels and glacial moraines are also 
yielding slip rates for active faults. Sieh (1981) and Sieh 
and Jahns (1984) estimated from offset stream channels 
of Wallace Creek along the south-central part of the San 
Andreas Fault (Figure 8. 13) that the slip rate during the 
latest Pleistocene and Holocene has been about 30 to 
40 mm/yr. Finally, Schubert (1982) reported an esti- 
mated range of slip rate (3 to 14 mm/yr) for the right- 
lateral Bocono Fault in western Venezuela. His estimate 
was based on several measured offsets (60 to 260 m) of 



FIGURE 8.13 Channel offset along the Son Andreas Fault. See text 
for explanation. After Sieh (1981). 
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TABLE 8.2 Uplift and Tilting of Bedrock and River Terraces over the Ventura Avenue Anticline 
Ceomorphic Surface Present Height Potential Range 


Designation 

Age (yr) 0 

Seu Level (ill)'' 

above Ventura 
River [mY 

Uplift Rate to 
1 ’res tint (mm/yr)' 1 

Minimum Possible Uplift 
Rate to Present (mm/yr)'" 

QSa 

15,800 ± 210 

-110 

30.5 ± 10 

5.5 ± 4.2 

1,0 ± 0.7 

Q5a-b 

20,0*10 ± 590 

- 00 

85.3 ± 10 

0.0 ± 2.9 

4.3 ± 0,5 

Q5b 

29,700 ± 1250 

- 41 

120 ± 10 

4.8 ± 1,2 

4.1 ± 0.5 

Qfia 

38,000 ± 1500 

- 38 

175 ± 10 

5,1 ± 1,0 

4.7 ± 0,4 

Q6c 

80,000 or 105,000 

- 13 

025 ± 100 

7.1 ± 2.1 

7.1 ± 2,0 

Bedrock 

200,000 

Present 

2720 ± 200 

13,0 ± 1.0 (minimum) 

13.0 ± 1,0 


"Bused on M C and umino acid racemlzution chronology (Lajoie et al., 1082). 

''After Lajoie ct al. (1979). 

' Projected to the axis of the anticline. 

11 Assumes complete range of possible adjustment of Venturu River to lower sea level. 
"Assumes no adjustment of Ventura River to lower seu level. 


lateral moraines with an estimated age of 18,000 yr 
based on palynological, sedimentological, and 1,| G 
methods. 

RATES, DATES, AND TECTONIC 

FRAMEWORK: SELECTED OBSERVATIONS 

RELATIVE TO SOCIETAL NEEDS 

Tectonic geomorphology, defined as the application 
of geomorphic principles to tectonic problems, is signifi- 
cant to society when rates and dates of tectonic events 
provide the data framework useful in long-term earth- 
quake prediction and land-use planning to reduce the 
earthquake hazard. Important considerations in devel- 
oping rates of active tectonics based on geomorphic 
evaluation are measurement of deformation associated 
with past tectonic events (such as offset streams, glacial 
moraines, alluvial deposits, or other features), develop- 
ment of the late Pleistocene to Holocene chronology to 
derive rates (defined as the ratio of measured deforma- 
tion to the appropriate time interval), and interpreta- 
tion of rates of active tectonics that often vary signifi- 
cantly owing to geologic constraints. 

The most reliable rates of past tectonic events are de- 
rived from well-constrained, measured deformation 
and chronology. However, it is often easier to measure 
deformation than to establish the necessary chronology. 
Methods of establishing chronology are discussed by 
Pierce (Chapter 13, this volume). 

The use of soil geomorphology in establishing late 
Pleistocene-Holocene chronology is emerging as a pow- 
erful tool in deriving rates of active tectonic deforma- 
tion (see, e.g., Keller et al ., 1982a,b; Dembroff, 1982; 
Rockwell, 1983; Rockwell et al., 1984). The basic idea is 
to produce a soil chronosequence, defined as a series of 
soils arranged from youngest to oldest for an area. Rela- 
tive chronology is based on physical and chemical prop- 


erties of the soils, and absolute chronology is provided 
by ll C dates and other methods discussed by Pierce 
(Chapter 13, this volume). Once the chronosequence is 
established, it may be applied over a large area indepen- 
dent of further absolute dates at sites where deformation 
is measured; that advantage is the real power of the soil 
chronosequence. 

Rates of active-tectonic deformation must be care- 
fully interpreted because they may vary in time and 
space owing to geologic constrai nts such as style of fault- 
ing and mechanics of folding. For example, slip rates of 
flexural-slip faulting near Oak View, California, vary 
from about 0,3 to 1. 1 mm/yr as a function of fault loca- 
tion in a syncline and/or mechanics of folding (Keller et 
al., 1982b; Rockwell, 1983; and Rockwell et al., 1984), 
and rate of uplift associated with folding of the Ventura 
Avenue anticline has decreased from over 10 mm/yr in 
mid-Pleistocene time to about 5 mm/yr during the late 
Pleistocene and Holocene (Table 8.2), as a function of 
mechanics of folding (Keller et al. 1982b; Dembroff, 
1982; Rockwell, 1983). Tlius, there is not necessarily a 
direct relationship between rate of fault displacement or 
uplift and earthquake hazard. Understanding the tec- 
tonic framework and geologic constraints is necessary to 
make such a determination. 
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ABSTRACT 

Classical seismological techniques such as earthquake hypocentral locations and focal-mecha- 
nism studies continue to play an important role in the understanding of active- tectonic processes, 
but newer techniques such as seismic tomography and the determination of earthquake source 
parameters are being increasingly utilized. The most spectacular recent progress, however, 
seems to have been in the area of paleoseismicity and slip-rate studies, where documentation of 
the ages and displacements of various young geologic features has had great impact on both the 
understanding of contemporary tectonic processes and on seismic-hazard evaluation. Critical 
future research needs in seismological and paleoseismological areas include (1) improved local 
seismic networks, (2) implementation of new worldwide networks utilizing broadband digital 
recording, (3) increased numbers of strong-motion seismometers in earthquake-prone areas, (4) 
better understanding of soil development and deformation, (5) improved techniques for absolute 
age dating of alluvial materials, (6) increased understanding of the rates and nature of modifica- 
tion ofsurficial neotectonic features such as fault scarps, and (7) continued vigorous field studies 
of active tectonic processes associated with contemporary large earthquakes. 


The study of contemporary and recent earthquakes 
represents perhaps the major contribution to the under- 
standing of tectonic processes active in the world today. 
This is not to belittle studies of active folding and warp- 
ing or of active voioanism, but significant tectonic 
changes occur so rapidly, dramatically, and over such 
wide areas during large earthquakes that they seem to 
represent the most rewarding laboratory for the study of 
active-tectonic processes. And large earthquakes are of 
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relatively frequent occurrence on a worldwide basis, so 
that abundant research opportunities exist. 

Many of the classical seismological techniques have 
been— and continue to be— so fundamental to studies of 
active tectonics that they hardly need discussion. 
Among these are (1) hypocentral locations of earth- 
quakes, (2) earthquake focal mechanisms, (3) statistical 
studies of earthquake occurrences, and (4) studies of 
crustal structure. Indeed, many of the most important 
ideas of active plate-tectonic processes, such as the 
transform-fault and subduction-zone concepts, have 
stemmed directly from studies of earthquake locations 
and focal mechanisms (e.g., Isacks et al., 1968). De- 
tailed studies of aftershock patterns of major earth- 
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quakes have been critical in developing an understand- 
ing the fracture process, and dense seismographic 
coverage has allowed locations of microearthquakes, 
sometimes to within a few meters, which in turn permits 
portrayal of minute details of fault geometry — a geome- 
try that generally turns out to be far more complex than 
we had ever imagined (e.g., J' son and Hill, 1982; 
Reasenberg and Ellsworth, 198 , . 

But certainly many of the exciting new tectonic impli- 
cations are coming from those types of relatively new 
seismological techniques that shed light on the nature 
and mechanics of the fracture process. An example is the 
now-widespread use of seismic moment and moment 
magnitude (e.g.. Hanks and Kanamori, 1979), which 
have a direct tie-in to physical parameters at the earth- 
quake source, such as stress drop, amount of slip, and 
area of the broken fault surface. The use of such con- 
cepts is now widespread in regional syntheses of active- 
tectonic processes (e.g. , Wesnousky et al. , 1982; Molnar 
and Deng, 1984). Still more recent is the introduction of 
tomographic techniques to seismology (e.g., Anderson 
and Dziewonski, 1984), in which vast amounts of seis- 
mic data are synthesized to reveal heretofore unknown 
details of three-dimensional crustal structure, which 
may be very relevant to ongoing tectonic processes (e.g, , 
Humphreys et ah, 1984). Increased use of such tech- 
niques, together with new broadband and digitally re- 
cording seismic instruments (e.g., Alexander, 1983) and 
dramatically improved data-analysis techniques, is lit- 
erally revolutionizing the field of seismology. And 
strong-motion seismology, traditionally visualized as 
being within the exclusive area of earthquake engineer- 
ing, is having a rebirth as an interdisciplinary field with 
surprisingly wide impact in our efforts to understand 
active tectonic processes close to the center of an earth- 
quake — in the so-called “near field” (e.g., Hanks and 
McGuire, 1981; Aki, 1982; Hartzell and Helmberger, 
1982). 

One of the most significant results of recent seismo- 
logical and geologic studies of contemporary earth- 
quakes is the determination that they are far more dif- 
ferent from one to another in their mechanical 
parameters than we had ever thought. Although this is 
not particularly good news to those scientists attempting 
to find methods to predict earthquakes, it surely means 
that we are gaining a far better understanding of the 
varied and complex nature of contemporary tectonic 
processes. We now recognize, for example, that earth- 
quake rupture and associated deformation take place at 
widely varying rates and that the rupture process, par- 
ticularly during large earthquakes, is by no means 
smoothly continuous (e.g., Aki, 1979; Hartzell and 
Heaton, 1983). 


In the author’s opinion, however, the most spectacu- 
lar progress in studies of active-tectonic processes in the 
past few years has not been in seismology, but instead in 
the area of paleoseismology, where, in essence, a new 
research field has been born. Paleoseismology is the 
study of prehistoric earthquakes based on interpretation 
of the geologic record that these earthquakes have left 
behind (e.g., Wallace, 1981). Critical in developing this 
field have been (1) the recognition that “fossil earth- 
quakes” do indeed leave telltale signs in the geologic 
column and (2) improved techniques for the absolute 
age dating of the affected rocks. Thus, it is not now un- 
common to identify the specific dates of major earth- 
quakes along a fault over the past few thousands of 
years, permitting a far better quantitative understand- 
ing of the local earthquake hazard than has ever been 
possible before, albeit on a probabilistic basis (e.g,, 
Tanna Fault Trenching Research Group, 1983; Sieh, 
1984). 

Along with developments in paleoseismology, major 
advances in our understanding of slip rates on faults 
have also occurred. Although both fields involve the es- 
tablishment of time intervals during which tectonic 
events have taken place, it is important to recognize the 
distinction: paleoseismology involves the establishment 
of dates of individual earthquakes or earthquake se- 
quences, whereas slip-rate studies establish only average 
rates of deformation. Further assumptions in both are 
necessary to estimate seismic hazard (e.g,, Wesnousky 
el al., 1984; Youngs and Coppersmith, 1985). Both are 
important in the understanding of active-tectonic 
processes. 

Slip-rate determination on faults are usually made by 
observing the offset of features of relatively recent and 
known ages. Thus the slip rate of the San Andreas Fault 
of California has been determined by observing the off- 
sets of numerous geologic features such as Holocene 
stream channels (e.g., Wallace, 1968; Sieh and Jahns, 
1984). Offsets of late Pleistocene glacial moraines have 
permitted the assignment of slip rates to the Bocono 
Fault of Venezuela (Schubert, 1982), theTuco Fault of 
Peru (Yonekura el al ., 1979) , and the Fairweather Fault 
of Alaska (Plafker et al., 1978). Offset and deformed 
river terrace deposits have been used extensively along 
the Alpine Fault system of New Zealand (e.g., Lensen 
and Vella, 1971; Adams, 1980), the Median Tectonic 
Line of Japan (e.g., Okada, 1980), and faults of the 
Transverse Ranges in California (e.g., Rockwell et aL, 

1984) . Other youthful geologic features that are often 
offset and can sometimes be dated include soils (e.g., 
Maehette, 1978; Borchardt et al., 1980; Schlemon, 

1985) , young volcanic rocks (e.g., Roquemore, 1980), 
offset beach deposits (e.g., Carver, 1970), and offset 
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landslide deposits (e,g., Sieh, 1978a). Rates of erosional 
degradation of fault scarps have been used to put limits 
on slip rates (e.g., Wallace, 1977; Bucknam and Ander- 
son, 1979), and theoretical studies of this phenomenon 
appear particularly promising (e.g., Nash, 1980; Col- 
man and Watson, 1983; Hanks et ah, 1984). Estimated 
rates of river entrenchment associated with regional up- 
lift have also been used to put limits on slip rates on indi- 
vidual faults within the uplifted area (e.g., Allen et ah, 
1984). Other examples of slip-rate determinations and 
recurrence intervals between major earthquakes have 
been summarized by Sieh (1981). 

As opposed to slip-rate determinations, paleoseismolog- 
ical techniques must utilize geologic features associated 
with individual past earthquakes, which is a task that 
usually constitutes a greater challenge to the geologist, 
Furthermore, good exposures are almost always critical, 
which typically implies excavating trenches across the 
fault under investigation. Among the features that have 
been used to identify individual paleo-earthquakes from 
exposures on trench walls are the following; 

1 . Identification of a fault that can be shown to break 
older strata but which is, in turn, erorionally truncated 
and buried by unbroken younger strata that had not yet 
been deposited at the time of the earthquake (Figure 
9.1a), thus bracketing the time interval within which 
the earthquake must have occurred (e.g., Clark, et ah, 
1972; Sieh, 1978b). 

2. Identification of buried sand-blow deposits or in- 
jected sand dikes resulting from soil liquefaction during 
heavy shaking (Figure 9,1b), usually close to or along 
the causative fault (e.g., Sieh, 1978b). Such deposits ap- 
pear to be the only remaining near-surface evidence of 
the two great historical earthquakes in the eastern 
United States — the 1811-1812 events near New Madrid, 
Missouri (Russ, 1979) and the 1886 earthquake at 
Charleston, South Carolina (Talwani and Cox, 1985). 
These localities are particularly important to under- 
stand, inasmuch as similar deposits elsewhere may be 
the only surficial geologic clue to eastern U.S. paleoseis- 
micity— and therefore to regional seismic hazard evalu- 
ation. 

3. Closely related to liquefaction is the phenomenon 
of intense “rumpling” of newly deposited water-laid 
sediments (Figure 9,1c), associated with heavy localized 
shaking, which has also been used as an indication of 
paleoseismicity (e.g., Sims, 1975; Reches and Hoexter, 
1981). 

4. Identification of a fault scarp that was subse- 
quently buried by younger unbroken deposits (Figure 
9. Id) (e.g., Sieh, 1978b). 

5. Closely related to 4, identification of a buried 



FICURE 9. 1 Sketch diagrams of cross sections of geologic relations 
that might result from individual patco-earthquakes. See text for 
explanation. 

landslide feature or a colluvial apron derived from an 
eroding fault scarp (Figure 9.1e) (e.g., Swan et ah, 
1980). 

6. Identification of a crevice associated with surficial 
fault movement that was later filled in by surficial mate- 
rials (Figure 9. If) (e.g., Allen etah, 1984). 

Although each of the above techniques applies ideally 
to a single paleo-earthquake, as illustrated by the exam- 
ples in Figure9.1, a number of repeated earthquakes are 
likely to be represented in a given exposure, so that the 
resulting geologic relationships can become exceedingly 
complex; relationships resulting from one earthquake 
are modified by subsequent earthquakes along the same 
fault. Trenches only 5 m deep across the San Andreas 
Fault in southern California, for example, reveal evi- 
dence of 12 individual great earthquakes on the fault 
within the past 2000 years (Sieh, 1978b, 1984). One 
might ask how exposures of fault offsets on vertical 
trench walls can display evidence of displacements 
along faults such as the San Andreas that have had pre- 
dominantly horizontal displacements. It turns out that 
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even strike-slip faults usually have small components of 
vertical displacements, which tend faithfully to repeat 
themselves from earthquake to earthquake at a given 
locality (Allen, 1981). Thus vertical trench walls nor- 
mally display consistent offsets of strata even along pre- 
dominantly strike-slip faults. Evidence for the actual 
amount of strike-slip displacement during individual 
paleo-earthquakes can sometimes be obtained from hor- 
izontal excavations that reveal stream paleochannels or 
other offset linear features within the displaced strata 
(e.g., Sieh, 1984). 

In all these paleoseismological techniques, optimal 
bracketing of the time of the earthquake requires dating 
of (1) the oldest unbroken postearthquake strata and (2) 
the youngest deformed pre-earthquake strata. Unfortu- 
' nately, the probability is small of this being practical in 
any individual exposure. That is, the chances are slim of 
finding a locality where one of these unique geologic sit- 
uations can be observed and where the adjacent rocks 
can be radiometrically or otherwise dated. Thus, it is 
not surprising that many, if not most, trenches exca- 
vated for paleoseismological studies have turned out to 
be inconclusive. But those that have been successful, 
such as along the San Andreas Fault of California (e.g., 
Sieh, 1984), the Wasatch Fault of Utah (e.g.. Swan 
et al., 1980), and the Tanna Fault of Japan (Tanna 
Fault Trenching Research Group, 1983) have had pro- 
found implications in terms of seismic-hazard evalua- 
tion and the understanding of active- tectonic processes. 
In commencing a paleoseismological investigation, 
therefore, one must be aware that the chances of imme- 
diate success are not high, and numerous trenches and 
considerable perseverance are usually called for. It 
should also be pointed out that many practical difficul- 
ties face one attempting to excavate trenches across 
faults, such as the problems of shallow groundwater, 
absence of visible stratigraphy, property ownership 
complications, legally mandated safety precautions, ac- 
cess for equipment, and cost. 

In addition to geologic relations that might be ob- 
served in excavated trench walls, several other types of 
geologic relation can be related to individual paleo- 
earthquakes. Along a strike-slip fault, for example, if 
abandoned offset stream channels are spaced periodi- 
cally with respect to their former headwaters (e.g., 
three abandoned channels laterally offset 10, 20, and 30 
m from their former source across the fault) (Figure 9.2) , 
one might conclude that each progressive offset was 
caused by an individual earthquake with 10 m of dis- 
placement, and dating of related alluvium or terrace de- 
posits might permit age assignments to the individual 
earthquakes (e.g,, Sieh and Jahns, 1984). Or in the case 
of raised marine wave-cut benches, arguments can often 



FIGURE 9,2 Sketch of map of offset stream channels that might 
result from repeated strike-slip displacements during individual paleo- 
earthquakes. 


be made that individual benches are related to abrupt 
uplifts during individual earthquakes, such as has been 
well documented from the long historical records in Ja- 
pan (e.g., Matsuda et al., 1978) and has been important 
in quantifying seismic hazard in Alaska (e.g., Plafker 
and Rubin, 1978). 

In most paleoseismological investigations, it is neces- 
sarily assumed that surficial fault displacement and/or 
heavy shaking has been limited to infrequent large 
earthquakes and that moderate-sized earthquakes or 
continuous faultslippage have not occurred duringmost 
of the time interval between the large events. The justi- 
fication for this assumption lies in the increasing evi- 
dence that a given fault at a given locality is in fact typi- 
fied by a “characteristic earthquake,” so that 
earthquakes of comparable magnitudes tend to repeat 
one another faithfully and periodically (Schwartz and 
Coppersmith, 1984). Although relatively continuous 
faultslippage (or fault “creep”) is common during after- 
shock sequences, continuous fault creep on a long-term 
basis has been identified only along limited parts of the 
San Andreas Fault in California (Schulz et al., 1982; 
Louie et al . , 1985) and at one locality along the North 
Anatolian Fault of Turkey (Aytun, 1982). It does not 
appear to be as widespread a phenomenon as was postu- 
lated when continuous creep was first discovered on the 
San Andreas Fault only 25 years ago (Steiobrugge et al., 
1960), which is encouraging from the point of view of 
paleoseismological investigations. 

What are our seismological and paleoseismological 
needs, if researches in these fields are to continue to 
move vigorously forward? In the area of seismology, a 
number of important needs can be pointed out. 
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1. Dense local seismograph ic networks, together 
with computerised data-analysis facilities, are abso- 
lutely essential if detailed studies of earthquake-related 
active tectonics are to be carried out in a given area. 
Ideally, the distance between seismometers should be 
roughly comparable to the average depth of earth- 
quakes in the area if good hypocentral locations (includ- 
ing focal depth) are to be obtained. 

2. Modern techniques of seismic analysis, particu- 
larly as related to the understanding of fault mechanics, 
are increasingly dependent on improved instrumenta- 
tion, such as wideband, digitally recording seismome- 
ters. Particularly for the studies of worldwide large 
earthquakes, which represent our best “window” to 
contemporary tectonic processes, it is essential that sup- 
port be obtained and continued for the proposed new 
Global Seismographic Network (NRC Committee on 
Seismology, 1983; Incorporated Research Institutes for 
Seismology, 1984), which will effectively replace the 23- 
year-old World Wide Standardized Seismographic Net- 
work, which has served its purpose well but is now 
clearly outmoded. 

3. Every effort should be made to increase the num- 
ber of strong-motion accelerographs in areas — any- 
where in the world — where large earthquakes are most 
likely to occur (NRC Committee on Earthquake 
Enginering Research, 1982). Despite the many years of 
recording, engineers and seismologists have obtained 
very few records of the actual ground motion in the close 
vicinity of a truly great earthquake, and thus we are still 
deficient in our knowledge of active-tectonic processes 
in the “near field” of such an event. 

In the area of paleoseismology, perhaps our greatest 
need is simply for more trenches across active faults 
where significant results might be obtained. But it is also 
critical that we improve our basic understanding in sev- 
eral of the following areas: 

1. Soils are among the geologic features most often 
disturbed by faulting and earthquakes, but our knowl- 
edge of the ages of soils and their rates of development in 
different climatic environments leaves much to be de- 
sired. Furthermore, slow gravity-induced downhill 
movements of soils (soil “creep”), even on very gentle 
slopes, can sometimes cause numerous deformational 
features remarkably similar in appearance to those due 
to sudden earthquake movements; a better understand- 
ing of this phenomenon is important. 

2. The most common problem in paleoseismological 
investigations is that of dating the strata involved, par- 
ticularly those of an alluvial nature that still defy most of 
the traditional methods of absolute age dating. Carbon- 
14 dating, for example, requires the collection of or- 


ganic materials that are typically rare in alluvial de- 
posits. Improved geochemical techniques of dating 
young materials are critical, as well as the further devel- 
opment of other promising techniques such as those 
based on paleomagnetism. 

3. Insofar as many prehistoric earthquakes have 
been associated with the formation of geomorphic fea- 
tures such as fault scarps that are still preserved on the 
landscape, an improved understanding of the erosional 
degradation of such features is important if we are to 
understand their ages of formation. Recent research 
work in quantitative geomorphology (e.g. , Hanks et al . , 
1984) has been encouraging in this regard and deserves 
continued vigorous support. 

4. Detailed field studies of recent earthquakes, such 
as the 1980 Algerian disaster (e.g., Philip and 
Meghraoui, 1983), indicate that many types of surficial 
deformation other than primary fault scarps may occur 
in the epicentral area. These features, too, may become 
buried in the geologic section and be recognizable at a 
later date, so it is important to understand their origins 
and possible mechanisms of preservation. Only by 
studying contemporary earthquakes in the field in great 
detail will we learn to recognize what is important in 
identifying and interpreting “fossil” earthquai . 
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ABSTRACT 

Repeated geodetic measurements are sufficiently precise to detect the growth of mountains, the 
relative movements of the great lithospheric plates, and present-day rates of fault slip and earth- 
quake strain accumulation. The cyclic buildup and release of strain across major faults can be 
monitored over the short term (years or less) using precise modern techniques, and longer-term 
movements can frequently be determined by utilizing the historical record of measurements, 
which in many active regions extend back into the late nineteenth century. Since about 1970, 
annual laser-ranging surveys in the western United States and Alaska have delineated the pattern 
and current rates of deformation in these seismically active regions and have begun to provide 
accurate fault-slip rates to compare with late Holocene geologic estimates. The imperfect bal- 
ance between interseismic strain buildup and coseismic strain release introduces a component of 
permanent deformation into the earthquake cycle that under favorable conditions can be esti- 
mated geodeticallv, providing another link between present-day movements and those pre- 
served in the recent geologic record. Examples include tectonically elevated former shorelines 
related to great interplate-thrust earthquakes and deformed river profiles observed in intraplate 
reverse-faulting environments. Despite the relative uniformity of longer-term deformation 
rates, accumulating evidence indicates considerable short-term irregularity, at least in some 
regions. Perhaps the best documented example comes from southern California, where rapid, 
correlated changes among gravity, elevation, and horizontal strain measurements have recently 
been observed. 


INTRODUCTION 

The principle of uniform itarianism leads us to expect 
that tectonic movements that have occurred in the geo- 
logically recent past are taking place at present, and 
with sufficiently accurate measurements this activity 
should be observable today. The often spectacular sur- 
face deformation that accompanies major earthquakes 
is readily visible, and precise techniques are not needed 


for its detection. Most surface movements are, however, 
more subtle. Typical rates of deformation in tecton- 
ically active regions are a few parts in ten million per 
year (0. 1 ppm/yr or 0. 1 p:rad/yr) . To monitor these faint 
motions closely, geodetic techniques must measure 
changes in line length and surface tilt or angular 
changes between survey monuments to a precision com- 
parable with these annual increments. This capability is 
within the range of modern methods, and although ear- 
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lier measurements are less precise, deformation rates of 
this order, averaged over periods of a decade or longer, 
are readily obtainable from the earlier historical data. 

Because of their high precision and generally wide ar- 
eal extent ( ~ 10 km aperture or greater), geodetic obser- 
vations made at the Earth’s surface provide a measure of 
the deformation actually occurring at the depths where 
damaging earthquakes originate (about 20 km or less). 
Regions of tectonic deformation are invariably seismi- 
cally active, and it is convenient to characterize the al- 
ternating periods of slow aseismic deformation and 
abrupt earthquake strain release in terms of a simple, 
repetitive sequence — the seismic deformation cycle. 
Figure 10.1 shows both the idealized model of the cycle 
first suggested by Reid (1910) and the more refined one 
accepted today. Both are considerably simplified, show- 
ing the time history of cumulative deformation of a sin- 
gle point or localized region, ignoring spatial variations 
in movement history, and smoothing out temporal fluc- 
tuations in deformation rate. 

Reid’s elastic rebound theory, based on his studies of 
geodetic measurements related to the great 1906 San 
Francisco earthquake, postulates that earthquakes rep- 
resent the release of accumulated elastic strains, and 
Reid assumed that a major earthquake would not recur 
until all strains released by the preceding event had 
reaccumulated [Figure 10.1(a)]. However, geologic 
field observations certainly demonstrate that not all 
crustal deformation is elastic and recoverable; indeed, 
in some seismically active regions inelastic processes 
such as folding and metamorphic deformation may pre- 



FIGURE 10. 1 Simplified forms of the earthquake deformation cy- 
cle. Cumulative deformation (e.g., strain, lilt, ground displacement) 
measured at the Earth's surface is plotted as a function of time. Step 
offsets correspond to the occurrence times of major earthquakes. 
Dashed lines give failure level, constant in the Idealized cycle (a), and 
(b) varying with time when the effects of permanent inelastic deforma- 
tion are included. 


dominate. As Figure 10.1(b) shows, the existence of a 
significant component of permanent deformation nota- 
bly modifies the cycle. Rapid postearthquake deforma- 
tion, which can persist from years to decades following 
major events, introduces additional complexity into the 
simple cycle visualized by Reid. 

Thus, in the modern view the complete cycle consists 
of the coseismic deformation that accompanies the 
earthquake itself, the postseismic transient movements 
that follow it, and the relatively steady inlerseismic mo- 
tions that comprise the majority of the cycle. Permanent 
deformation results if the interearthquake strain 
buildup is not exactly balanced at all points by the co- 
seismic strain release. Where permanent movements 
have been documented, it has been shown that the co- 
seismic offset can either locally exceed the accumulated 
interearthquake straining or be less than this amount; 
both cases are illustrated in Figure 10.1(b). 

Geodetic measurements are then capable of delineat- 
ing major features of the earthquake deformation cycle 
and closely monitoring current movement patterns. 
Historical surveys, which typically have repeat times of 
decades or longer, sample long portions of the cycle, re- 
cord coseismic and postseismic movements related to 
past great earthquakes, and provide estimates of the 
permanent deformation component of the cycle. Mod- 
ern observations have been most useful in determining 
interseismic movement rates with high accuracy and re- 
fined temporal resolution and are beginning to provide 
precise estimates of present-day fault slip rates and evi- 
dence for hitherto unsuspected short-term irregularities 
in deformation rate. The purpose of this chapter is to 
illustrate these capabilities with examples drawn from 
recent work, especially emphasizing the relation be- 
tween the geodetic results and those obtained using the 
geologic measures of deformation and deformation rate 
discussed elsewhere in this volume. 

PRESENT-DAY DEFORMATION RATES 

Rates of deformation have been obtained for much of 
the seismically active western United States and parts of 
Alaska; these results have recently been summarized by 
Savage (1983). In addition, extensive geodetic surveys in 
active regions elsewhere in the world, notably Japan 
and New Zealand, have been used to determine patterns 
and rates of contemporary deformation in tectonic envi- 
ronments similar to those found in this country. 

Because of California’s high seismicity and popula- 
tion density, intensive measurement efforts are concen- 
trated there. Some typical results, from a laser-ranging 
(trilateration) network in the southern San Francisco 
Bay area, are illustrated in Figure 10.2. The network 
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FICUlvE 10.2 (A) Stations and lines observed in the southern San 
Francisco Buy region, Active faults are shown for reference. (B) Dis- 
placement rates parallel to N 35° W plotted versus distance normal to 
strike of San Andreas Fault. (C) Schematic interpretation of (B). Solid 
curve was drawn for 12 mm/yr slip below 7 krn on the San And reus 
Fault, 6 mm/yr rigid-block slip on the Hayward Fault, and 6 mm/yr 
rigid-block slip on the Calaveras Fault. Half of Calaveras fault si ip was 
distributed over fl-kin-wide zone. Dashed line is displacement field 
that would be observed if motion were distributed uniformly. From 
Prescott et al. (1931), with permission of the American Ceophysical 
Union. 


contains 43 lines whose lengths have been measured 
roughly annually since 1970; the precision of each mea- 
surement depends on line length but averages about 3 
parts in 10 7 , The line length changes during 1970-1980 
have been analyzed by Prescott et al. (1981), who deter- 
mined the average displacement rate of each station rel- 
ative to a fixed center of mass of the network as a whole. 

Figure 10.2(B) shows the displacement rate compo- 
nents parallel to the San Andreas Fault plotted versus 
distance from the fault, and Figure 10.2(C) is a sche- 
matic interpretation of this result. Clear offsets occur 
across the Hayward and Calaveras Faults, and their 
magnitudes agree well with observed creep rates ob- 
tained independently from small-aperture arrays and 
wire extensometers that span each of these faults (see 
Sylvester, Chapter 11, this volume, for discussion of 
these measurement methods) . 

The displacement-rate profile across the San Andreas 
Fault is more interesting, The absence of any discontin- 
uity at the fault trace indicates that the San Andreas is 
locked at the surface; increasing movement rates away 
from the fault suggest that it is freely slipping below 
some locking depth, D. A simple calculation shows that 
for such a model the deep slip rate is 12 ± 4 mm/yr and 
D = 7 km. This same fault slipped 2 to 3 m from the 
surface to depths of 5 to 10 km at the time of the great 
1906 San Francisco earthquake (Thatcher, 1975), and 
the current deformation pattern represents strain 
buildup leading to the repeat of a large or great earth- 
quake like the 1906 shock. If slip rates inferred for the 
past decade are representative of the long-term rate, 
and if coseismic offsets of 2 to 3 m per event are typical of 
this segment of the San Andreas Fault, then the average 
recurrence interval for such events is 170 to 250 yr. 

Geologic data independently support the geodetic 
results. Although direct evidence is lacking on occur- 
rence times and offsets of past events, measures of late 
Holocene slip rate confirm the value obtained from geo- 
detic measurements, Dated offsets of late Holocene geo- 
morphic features that cross the San Andreas Fault near 
Crystal Springs Reservoir, 40 km northwest of the geo- 
detic network shown in Figure 10.2(A), yield a slip rate 
of 12 mm/yr over the last 1130 ± 160 yr (Hall, 1984). 

Geodetic estimates of slip rate have been obtained for 
several other segments of the San Andreas system (see 
Table 10.1), and more will become available in the fu- 
ture. Several of those listed in Table 10.1 are only ap- 
proximate and are subject to a number of caveats: often 
the entire deformation zone of a single fault is not 
spanned, subsidiary subparallel faults may contribute 
to observed movements, and deformation rates (see be- 
low) may vary notably over time scales of a few years or 
less. 
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TABLE 10,1 Geodetic Estimates of Slip Rate on San 
Andreas Fault System 


Location 

P,ate (minlyr) 

Reference 

San Fruncisco 

12 ± 4 

Prescott ct al. (1981) 

Central California 

38 ± 5 

Thatcher (1979) 

Carrizc Plain 

32 

King et at. (1083) 

"Big Bend" Region 

25 

McGavr ct al. (1982) 


Nonetheless, geodetic measurements can, under fa- 
vorable conditions, provide accurate estimates of con- 
temporary rates of fault slip. The geodetic estimates 
complement those obtained by geologic methods. When 
both are available, late Quaternary or Holocene esti- 
mates can be compared with present-day values. When, 
owing to vagaries of erosion and nondeposition, suitable 
geomorphic features are absent, geodetic measurements 
can provide needed constraints. 

SOCIETAL IMPACT, AN EXAMPLE 

Networks similar to those in the San Francisco Bay 
area are located at over 30 other sites elsewhere in Cali- 
fornia and the western United States, and results from 9 
of these are summarized in Figure 10.3. 

The strain field obtained for the Seattle network is of 
special interest because of the light it sheds on interac- 
tion between the North American and Juan de Fuca 
plates (J. F., Figure 10.3). The most important feature 
of the deformation within this net is the orientation of 
the direction of maximum compressive strain. Else- 
where along the Pacific coast of North America the com- 
pressive strain axis is oriented roughly north-south. Near 
Seattle, however, it is directed N 70° E, close to the ex- 
pected convergence direction of N 50° E between the 
Juan de Fuca and North American plates (Riddihough, 
1977). The most straightforward interpretation of this 
result (Savage etah, 1981) is that the convergent bound- 
ary between these two plates is now locked and that cur- 
rent deformation near Seattle represents the accumula- 
tion of elastic strains that will eventually be released by 
the occurrence of a great subduction-zone earthquake 
off the coast of Washington. 

Comparison of the seismicity distribution and plate- 
tectonic setting of the Pacific Northwest with other sub- 
duction zones supports this interpretation, since tectoni- 
cally similar regions elsewhere accommodate plate 
convergence by periodic great earthquakes rather than 
by aseismic subduction (Heaton and Kanamori, 1984). 
No great earthquake has been recorded off the Washing- 
ton coast, and the hypothesis that subduction occurs 
seismically will not be proven until one does. Nonethe- 
less, the arguments favoring this interpretation have 



FIGURE 10.3 Location of trilateration networks in western United 
States and the principal strain rates measured In each. Shown beneath 
the network name are the time interval covered, the direction of maxi- 
mum extension, and the principal strain rates (in strain/vear). Also 
shown in the southwest corner of Canada is one triangulation network 
with the principal deviatoric strain rates measured there. The plate 
boundaries along the Pacific coast are indicated by the usual symbols 
(ridge by double line, trench by hachured line, and transform by 
dashed line). The J uan de Fuca plate is identified by initials j. F. From 
Savage (1983), copyright Annual Reviews, Inc. 


had an important impact on land-use planning and 
have proven sufficiently compelling to effect a major re- 
evaluation of the seismic hazard that a major subduc- 
tion-zone earthquake would pose for critical facilities 
located in the region. 


IRREGULARITIES IN DEFORMATION RATE 

The largest variations in movement rate occur during 
the postseismic phase of the seismic deformation cycle, 
and once these transients have died out the measured 
strain rates are, as a rule, at least roughly constant. This 
constancy is demonstrated by comparisons between his- 
torical and modern data, and precise measurements of 
the past decade also show that year-to-year variations in 
rate are generally small. Nonetheless, survey-to-survey 
rate fluctuations nominally above random measure- 
ment errors do occur, and in a few cases the variation in 
deformation rate appears to be quite large. 

One of the better documented examples of this kind 
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comes from southern California, where overlapping ob- 
servations using three independent measurement sys- 
tems have been made since 1977 (Jaehens et ah, 1983). 
The location of each of these geodetic networks is shown 
in Figure 10.4. Precise relative gravity measurements 
have been made twice annually using sets of three to five 
gravimeters; in each case observations are referenced to 
a base station located at Riverside {solid dot, Figure 
10.4). Elevation differences have been measured annu- 
ally by leveling surveys carried out over five routes 30 to 
100 km long. The horizontal strain field has been moni- 
tored by annual surveys of seven trilateration (laser- 
ranging) networks. 

These measurements overlap in three different locali- 
ties, results for which are shown in Figure 10.5. Four 
independent parameters are needed to construct this fig- 
ure; two of them are determined from the data, and two 
are arbitrary and may be adjusted to improve the match 
between the three measurement types. The two arbi- 
trary parameters are the absolute levels of two of the 
time histories relative to the third at each locality. The 
two constrained parameters are determined from tem- 
porally coincident or nearly coincident observations. 
Comparing changes in gravity with changes in areal 
strain at all localities establishes a common linear scale 



t- -1 32* 

120* H3' 

FIGURE 10.4 Index map showing locations of gravity stations, lev- 
eling lines, and trilateration networks in southern California that have 
been surveyed repeatedly during the past 5 to 10 yr. Shaded areas of 
trilateration networks are local nets used in this study. F rom Jaehens el 
al. (1983), copyright 1983 by the American Association for the Ad- 
vancement of Science. 
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FIGURE 10.5 Temporal changes in gravity (5g), elevation (5c), and 
areal strain (5A) measurements from three areas of southern Califor- 
nia. Error bars on the gravity data represent 1 standard error, and 
those on elevation and strain data represent 1 standard deviation. 
Dashed lines connect gravity data. From Jaehens el al. (1983), copy- 
right 1983 by the American Association for the Advancement of Sci- 
ence. 


factor relating the two (0.05 ppm/jigal), and a similar 
factor relates gravity and elevation changes ( - 0,2 /tgal/ 
mm). The gravity/areal strain relation is the better de- 
termined because more data comparisons are available. 
However, the coefficient relating gravity and elevation 
changes agrees with independent determinations ob- 
tained using coseism ic data from several large earth- 
quakes. 

Despite several significant disagreements, the accord 
among the three independent measurements is rather 
good. Although the 5-yr record is insufficient to estab- 
lish a long-term trend in these parameters, departures 
from uniformity are striking and survey- to-survey fluc- 
tuations are large. While other data (e.g,, Langbein et 
ah , 1882) exhibit similar short-term variability, not 
enough measurements of comparable precision and re- 
dundancy yet exist to decide clearly whether the irregu- 
larities shown in Figure 10.5 are relatively common or 
extremely rare. Nonetheless, it appears that at least in 
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and (Mnriiii-ii their stream bed- (King and Stein. lfS3|, 
Aiisis ial-fau uriae®- that flank Los Catos C ml vs here 
it crosses the southeastern end of Anticline Ridge are 
about !U m higher than iun mu facet both upstream ami 
downstream of tliis region. The stream bed profile itself 
mi rims l hi> bclux u:i felt: with smaller depart ires from 
«.S inferred um I :sl orbed gradient [Figure 10 T<: A i ■ King 
and Stein concluded that faith profiles depan from their 
ei jn i iibr ium dupes bee.i - ise sf m cent Uplift of Ant i- ine 
Ridge, However, deposition may also contribute to the 
profile chaiigi . . iiv.c .1 lec-tome shallowing sf stream 
gradient will decrease flow velocity and encourage local 
deposition it M>. this could explain why the maximum 
fan height k displaced npst n-a m about 3 km frosi where 
tf»e inferred crest of Anticline Ridge crosses Los Gate 
Creek <». S. Stein, C.S. Geological Survey personal 
communication. 1984). Debrital charcoal dated at 
2550 j 1.10 yr BT provides a maximum tm.ii.-e nplitt 
rati (ignoring deposition) of 4 mm/vr. 

I cveling surveys show that in 1983, its m of coseis 
mic uplift took place near the top of Anticline Ridge 
and smaller amounts of subsidence occurred to the 
southwest [Figure 10.7(B)). No surface faulting associ- 
ated with the maimhock was observed. As Figure 
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FIGURE 10,7 (A) River terrace and river bed profiles for Los Gatos 
Creek. All the points except those marked by triangles, which were 
measured in the field, arc taken from the7.5' topographic maps, The 
profiles follow the courses of the river except for some of the extreme 
meanders where the profile follows a direct route. (B) Terraco uplift 
for Los Gatos Creek, taken from (A) above Is Indicated by solid line, 
and a profile extrapolated to the position of the leveling route is indi- 
cated by the dotted line, The 1983 earthquake uplift is shown in the 
lower frame, with uplift projected perpendicular to fault strike. After 
King and Stein (1983). 


stream course is sufficiently similar to the cosersmic 
movements of 1983 to indicate a relation between the 
two. Of course, the interseismic phase of the cycle will 
also contribute to observed movements, and erosion and 
deposition will further modify any tectonically devel- 
oped topography. However, neither the interseismic 
movement pattern nor the recurrence interval for 1983- 
type events is known, and consequently no further con- 
straints on the deformation cycle can be extracted from 
the available data, 

Both the geodetic and geologic records are more com- 
plete for the great plate-boundary earthquakes of south- 
west Japan. The regional tectonic setting is illustrated in 
Figure 10.8. The Philippine Sea plate underthrusts the 


Eurasian plate along the Nankai Trough, and a great 
earthquake occurred along this boundary in 1946. A 
previous great shock ruptured this same segment of plate 
boundary in 1854, and historical records indicate an av- 
erage recurrence interval of 117 years for the past six 
events on this segment of the Nankai Trough (Ando, 
1975). 

An extensive leveling network on the island of Shi- 
koku and adjacent Honshu has been surveyed five times 
or more since about 1890, and numerous tidal gauge sta- 
tions provide independent constraints on the vertical 
movement history of the region. In all, the geodetic re- 
cord is about 90 years long, samples all parts of the de- 
formation cycle, and has a duration comparable with 
the time interval between the past two events. Although 
this measurement interval does overlap two adjacent cy- 
cles, a single complete cycle can be synthesized provided 
the last two are similar. Two lines of evidence support 
the validity of this assumption: (1) the 1854 and 1946 
earthquakes are of comparable size, and (2) the current 
( —1970-1980) patterns and rates of deformation are ap- 



FIGURE 10.8 Location map of southwest Japan. Inset shows platc- 
tcctonic setting, Arrows at Nankai Trough give relative motion of Phil- 
ippine Sea with respect to Eurasian plate. Rectangles are surface pro- 
jections of cosol, smie fault planes of 1944 and 1946 earthquakes, and 
solid dots with arrows show epicentral locations slip vectors for these 
two earthquakes. Heavy lines on trench-facing coastlines locate up- 
lifted late Quaternary marine terraces, and solid line with arrows 
identifies the Median Tectonic Line (M.T.L.), an active right-lateral 
strike-slip fault. Dashed lines denote leveling routes, and solid trian- 
gles locale tidal gauge stations. From Thatcher (1984), with permis- 
sion of the American Geophysical Union. 
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FIGURE 10,9 (A) Summary of observed vertical movements plotted 
versus distance from Nankai T rough. Solid line shows coseismie move- 
ments due to 1946 earthquake, and dashed line shows cumulative de- 
formation inferred for one complete movement cycle. Dotted portions 
of both curves indicate interpolation across the Inland Scu. (D) Cumu- 
lative verticul displacement In millimeters (scale at left), west coast of 
Muroto Promontory, and marine terrace height in meters (scale at 
right), both plotted versus distance from Nankai Trough. (C) Synthe- 
sized deformation cycle for southeast Shikoku, showing cumulative tilt 
changes versus time since 1946 Nankaido earthquake. Fre-194G data 
(open circles) have been extrapolated to post-1946 time interval. In- 
ferred movements are indicated by dashed lines. From Thatcher 
(1984), with permission of the American Geophysical Union. 


preaching those measured during -1890-1930, a some- 
what later stage of the preceding movement cycle [see 
Figure 10.9(C)], 

The cumulative vertical movements during 1890- 
1980 are thus representative of the permanent deforma- 
tion per cycle and Figure 10.9(A) compares these dis- 
placements with the coseismie movements of 1946. The 
two deformation patterns resemble each other, with up- 
lift nearest the Nankai Trough and subsidence further 
inland. The cumulative movements are also qualita- 
tively consistent witii the deformation and areal distri- 
bution of late Quaternary-raised shorelines on the 
southern coasts of Kii Peninsula and Shikoku. Figure 
10.9(B) compares the cumulative level changes near 
southeast Shikoku (Muroto Point) with the heights of a 
well-preserved marine terrace cut during the last inter- 
glacial period and subsequently uplifted tectonically. 
Although the tilt directions agree, the rates of move- 
ment do not. Maximum uplift rates during the past 
120,000 yr average 1.5 mm/yr, whereas those since 1890 
are three times larger. Tilt rates disagree by comparable 
amounts, and discrepancies elsewhere are even larger. 
For example, near the tip of Kii Peninsula cumulative 
post- 1890 uplift is comparable with that measured near 
Muroto Point, but the S-terrace height is only about 
60 m above current sea level. Farther inland, geologi- 
cally recent submergence is suggested by the indented 
character of the coastlines. However, no geologic esti- 
mates of subsidence rates are available to compare with 
the post-1890 value of 3 to 4 mm/yr. 

In Figure 10.9(C) the near-trench tilt history for a sin- 
gle deformation cycle has been synthesized from avail- 
able leveling data. The leveling route, in southeast Shi- 
koku, is the same as that used in Figure 10.9(B), and the 
results of five different surveys have been employed in 
the reconstruction. The similarity of recent (1964-1980) 
tilt rates with those obtained prior to 1946 is quite evi- 
dent, and in Figure 10.9(C) the pre-1946 data have been 
extrapolated to the current movement cycle. The syn- 
thesized cycle is quite similar to the idealized one illus- 
trated in Figure 10.1(B) and clearly exhibits the main 
elements of the cycle: the postseismic transient, the rela- 
tively steady interseismic phase of the cycle, and the sig- 
nificant component of permanent deformation. 

FUTURE DIRECTIONS 

During the next decade, full implementation of 
highly accurate extraterrestrial geodetic surveying 
methods will have an important impact on crustal de- 
formation measurements in active regions. Satellites of 
the Global Positioning System (GPS) now being de- 
ployed in very well-determined orbits by the U.S. De- 
partment of Defense are of particular interest. By rang- 
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ing to these satellites from the Earth’s surface it is 
anticipated that relative horizontal and vertical posi- 
tions can be determined within a few centimeters (NRC 
Panel on Crustal Movement Measurements, 1981). Fur- 
thermore, this precision can be obtained at large station 
separations (hundreds of kilometers), adjacent stations 
need not themselves be intervisible, and measurements 
can be made even in overcast conditions. 

The precision of GPS measurements degrades for in- 
tercontinental station separations (-1000-10,000 km). 
However, other extraterrestrial surveying methods such 
as Very-Long-Baseline Interferometry (VLBI) and Sat- 
ellite Laser Ranging (SLR) are expected to be capable of 
measuring relative positions over these longer ranges to 
3 cm or better (NRC Panel on Crustal Movement Mea- 
surements, 1981). 

Relative to conventional geodetic methods, the most 
important feature of the new space techniques is the ca- 
pability for measuring long ranges with high precision, 
Thus, for station separations greater than about 100 km, 
GPS methods are expected to become more accurate 
than land-based surveying. VLBI or SLR measurements 
over intercontinental baselines will then be capable of 
resolving relative movements of the Earth’s major tec- 
tonic plates, and GPS networks with station separations 
of about 100 km can be used to outline the broad-scale 
deformation patterns in intracontinental active regions 
like the western United States and central Asia. 

Depending on their ultimately achievable accuracy 
and measurement costs, extraterrestrial methods may 
also be competitive with land-based surveying over 
shorter ranges as well. In remote and inhospitable envi- 
ronments, where clear sighting conditions are rare and 
station intervisibility is difficult to obtain, GPS methods 
may also prove to be more feasible and cost-effective 
than conventional techniques. 

Geodetic observations provide a direct measure of 
strain changes occurring at seismogenic depths, and as a 
result they will play an important role in determining 
the degree to which large, destructive earthquakes are 
predictable. In recent years geodetic monitoring has 
been intensified in areas of identified high seismic po- 
tential both in the United States and elsewhere, Further 
detailed monitoring can be anticipated in the future. 
Most of this work comprises annual surveys, but in sev- 
eral parts of California monthly and weekly surveys are 
now being carried out as well (Langbein et ah, 1982; 
Prescott and Savage, 1984), With a long record of fre- 
quent measurements, the patterns and rates of interseis- 
mic movement will be outlined in considerable detail. 
The typical variability of these patterns and rates as a 
function of time will be determined as well. Eventually, 
large earthquakes will occur in these closely studied re- 
gions. When these events take place, the accumulated 


data should be sufficient to determine precisely whether 
diagnostic crustal movement anomalies preceded their 
occurrence. 
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ABSTRACT 

Fault movements may be monitored by precise surveying of closely spaced arrays of permanent 
bench marks within 1 kmofafault. The geodetic data may complement data from tiltinetersand 
crecpmeters as well as data from large aperature trilalerution or triangulation arrays. If resnr- 
vcys are temporally fortuitous, preseismic, coseismic, and postscismic movement data are ob- 
tained. 

Closely spaced, linear arrays of nailr In pavement across active faults provide a quick, simple, 
and inexpensive way to locate and measure horizontal displacement across narrow, well-defined 
zones of faulting. 

Small-apcraturo trilalerution and alignment arrays document horizontal creep across faults of 
the San Andreas system, especially in central California, where as much us 32 mm/yr right slip 
has taken place for more than two decades, Small-aperature triangulatiou arrays have also iden- 
tified horizontal creep on faults elsewhere in California at rules of up to 5 mm/yr. 

Short level lines may detect height changes of 0.5 mm. Crustal lilt may he measured to about 
0.5 /rrad if special attention is paid to type and stability of bench marks. Thus, Chinese precise 
leveling has documented several centimeters of vertical movement within a few hundred meters 
of faults a few days before surface rupture; 14-cm verlicul afterslip was measured in lire 10 weeks 
following the 1979 Imperial, California, earthquake; and 35 mm/yr nontcctonic subsidence has 
occurred across a fault in Fremont Valley, California, for at toast the last 9 yr. 

Spirit-level optical till of triangular arrays of bench marks (dry-till) yields tilt data to a preci- 
sion of about 1 prad sufficient to document major movement, especially near volcanoes, From 
10s to 1000s of microradians of lilt occurred over a few days or weeks prior to eruptions of the 
Kilauea and Mount St, Helens volcanoes. 


INTRODUCTION 

Only a short while ago tectonic movements of the 
Earth’s crust were generally considered to be too slow to 
be observed in a lifetime, and long periods of inactivity 
were believed to be punctuated only at the most incon- 
venient times and places for man by surficial fault rup- 


tures accompanying large, infrequent earthquakes. To 
be sure, Rekl (1910) estimated a steady movement rate 
of the Farallan Islands relative to Mount Hamilton, Cal- 
ifornia, at about 5 cm/yr from 1850 to 1905, and in 1938 
Icelanders commenced geodetic measurements to ob- 
serve tectonic movements in the neovolcanic zone of 
north Iceland (Niemczyk, 1943). However, thediscov- 
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ery in 1960 of aseismic slip on the central segment of the 
San Andreas Fault, manifested by offset buildings, irri- 
gation ditches, and vineyard rows (Steinbrugge el al., 
I960), changed many of our notions about fault me- 
chanics, because here was an example of a geologic pro- 
cess occurring at rates measureable on a human time 
scale. 

Because the mcvemen ts seemed to belimited to azone 
only a few meters wide, Tocher and his colleagues (To- 
cher et al., 1968; Nason and Tocher, 1970) initiated a 
variety of small-scale geodetic and instrumental studies 
to measure these minor, but significant movements close 
to the fault. Monitoring of several faults, chiefly in Cali- 
fornia but also in New Zealand (Lensen and Sugoate, 
1969) led to the equally surprising discoveries of minor 
fault movements that preceded earthquakes (Allen and 
Smith, 1966), that followed earthquakes (Smith and 
Wyss, 1968; Wallace and Roth, 1968), and that were 
triggered by earthquakes (Allen etal., 1972). In all cases 
the surficial displacements were confined to narrow 
zones less than 100 m wide along the fault. Although the 
U.S. Coast and Geodetic Survey (now the National Geo- 
detic Survey) has conducted near- field triangulation 
monitoring of faults since about 1900 (Meade, 1971), 
several investigators including C, R. Allen, R. O. Bur- 
ford, G. J. Lensen, R. D. Nason, ]. C. Savage, A. G. 
Sylvester, and D. Tocher devised and initiated a variety 
of new near-field geodetic and instrumental techniques 
in the late 1960s and 1970s to determine the extent and 
rate of creep, whether creep may occur on other faults 
or on other kinds of faults, about the timing and magni- 
tude of preseismicslip, the amount and duration of post- 
seismic slip, and the significance of dynamically trig- 
gered slip. 

These small movements, now found to measure from 
1 to 30 mm/yr, have an impact on society as can be dem- 
onstrated by damage to buildings, streets, and subsur- 
face pipelines in the town of Hollister, California, inso- 
far as preseismic slip may provide information leading 
to the prediction of earthquakes and to the extent that 
earthquakes on a known active fault may trigger equal 
or greater movement on other faults presumed to be in- 
active. At the very least, understanding these move- 
ments may provide greater insight into earthquake 
mechanisms, knowledge of which will be requisite for 
eventual prediction of earthquakes. 


CREEP, AFTERSLIP, AND DYNAMICALLY 
TRICCERED SLIP 

It is useful to discuss briefly a preferred nomenclature 
for minor fault slip of very different origin, because am- 


TABLE II . 1 Earthquake Mechanics of Minor Movements 


Movement 

Rute 

References 

Tectonic 

creep 

1-30 mm/yr 

Steinbrugge et at. 
(1960) 

preseismicslip 

1-? mm/yr 

Allen and Smith (1966) 

coseismlc slip 

1 to thousands 
of mm 

Many authors 

dynamically 

1-30 mm 

Allen et al. (1972) 

triggered slip 

afterslip 

1-300 mm/yr 

Alien and Smith (1966) 

Nontectonic 

subsidence 

1-35 mm/yr 

Many authors 


biguities arise when the term "creep” is simply used for 
all these kinds of fault slip (Table 11.1). 

The great difference among these terms is illustrated 
in Figure ll.l, which shows the magnitude of slip as a 
function of time. Creep is aseismic fault slip: it may be 
stable and continuous or temporally and spatially epi- 
sodic (Yamashita and Burford, 1973; King et ah, 1973; 
Nason et al., 1974; Evans et al., 1981), and the long- 
term rate may vary before or after earthquakes along 
the creeping fault segment (Nason and Tocher, 1971; 
Burford et ah, 1973). Fault creep precedes some earth- 
quakes, as is summarized by Mjachkin et al. (1972), 
Scholz et al. (1973), and Whitcomb et al. (1973), and 
offers the hope that near-field geodetic observations 
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FIGURE 11.1 Types of tectonic creep. 
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TABLE 11.2 Near-Field Tectonic Geodesy 


Motion/Teclinique 

Measured Changes 

Typical Aperture 

Required Precision 

Frequency of Resurvey 

Horizontal 

alignment 

Deflection 

100 m 

+ 1 mm 

Montlis 

triangulation 

Angies 

1000 m 

+ 5 mm 

Months to years 

trilateration 

Lengths 

1000 in 

+ 5 mm 

Months to years 

Vertical 

precise leveling 

Heights 

1000 m 

+ 1 mm 

Months 

Tilt 

precise leveling 

Heights 

500 m 

+ 1 urad 

Months 

dry tilt 

Heights 

■to m 

+ 10 prad 

Months to years 


may be one of the effective methods for earthquake pre- 
diction. The tectonic significance of creep is still a topic 
of debate: some investigators believe that creep relieves 
sufficient buildup of stress so that large earthquakes are 
precluded in a creeping segment of a fault (Brown and 
Wallace, 1968; Prescott and Lisowski, 1983), and that 
notion seems to have gained support by great accumula- 
tion of strain data over the last decade (Langbein, 
1981;. Alternatively, creep is postulated to be the first 
step in progressive failure leading to a major earthquake 
(Nason, 1973). 

Afterslip is fault slip that occurs in the days, weeks, or 
even months following the main earthquake. Most re- 
ported (Nakamura and Tsuneishi, 1967; Ambrayses, 
1970) and documented instances of significant afterslip 
are for strike-slip faults. The principal characteristic of 
afterslip is that the slip rate decreases logarithmically 
(Smith and Wyss, 1968; Wallace and Roth, 1968; 
Sylvester and Pollard, 1975; Bucknam et al., 1978; 
Cohn et a 1 ,., 1982; Harsh, 1982). The magnitude of dis- 
placement may equal or exceed the coseismie slip, as has 
been observed in strike-slip earthquakes (Smith and 


Wyss, 1968; Burford, 1972; Bucknam et al., 1978; 
Sharp and Lienkaemper, 1982), but in other kinds of 
earthquakes it is small relative to the coseismie slip (Len- 
sen and Suggate, 1968; Lensen and Otway, 1971; 
Sylvester and Pollard, 1975; Stein and Thatcher, 1981). 
Whether afterslip is truly aseismic has not been clearly 
established, although Stein and Lisowski (1983) found 
that afterslip following the 1979 Homestead Valley, 
California, earthquake (M L = 5.8) was much greater 
than the summed M 0 of the aftershocks, and they con- 
cluded that the afterslip, which constituted about 10 
percent of the seismic slip, was aseismic. 

Dynamically triggered slip is coseismie slip on a fault 
or faults outside the epicentral area of the main shock. 
The phenomenon has been documented in moderate 
earthquakes in the Salton Trough, where up to 30 mm 
slip was found on faults as far as 40 km from the caus- 
ative fault and epicenter (Allen et al 1972; Fuis, 1982; 
Sieh, 1982). Ambiguities inevitably arise in the defini- 
tion, however, such as in cases of the May 1983 Coalinga 
(Ml = 6.7) earthquake where aftershocks and surface 
ruptures occurred on faults distant from and not be- 


F1GURE 11.2 Offset of line of nails across San 
Andreas Fault near San Juan Bautista. Line was 
originally straight in 1967. 
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lieved to be directly related to the fault that caused the 
main earthquake (Hart and Mcjunkin, 1983; Stein, 
1983) . Some of the myriad of surface ruptures produced 
in the 1971 San Fernando (M L = 6,4) earthquake may 
have been dynamically triggered. 


METHODS, TECHNIQUES, AND RESULTS 

Geodesists have classically documented the direction 
and magnitude of small crustal movements by repeated 
surveys of arrays of bench marks and by comparing 
changes in line lengths, angles, or heights among bench 
marks between an initial and a subsequent survey. If a 
surveying array covers a large area, then accumulated 
survey errors may yield changes of position that are 
nearly equal in magnitude to the actual movement. 
Thus the advantage of small fault-crossing networks is 
that they may yield more accurate displacement data; 
and because of their small size, they may be resurveyed 
more quickly and frequently, providing thereby, more 
nearly continuous sampling of movement (Table 11.2) . 

In the appraisal of fault movements, we wish to know 
where the movement occurs, which way the fault blocks 
move relative to each other, how much the offset is, and 
when it happens. Geologic rates of crustal movement 
and empirical determination of historic rates of fault 
displacements from progressive offset of cultural fea- 
tures show that a precision of at least 1 part per million is 
required to document ongoing tectonic movements in 
near-field geodetic work (NRC Panel on Recent Crustal 
Movements, 1981). That means reproducible resolution 
of at least 1 mm is generally necessary. At these high 
levels of precision, the question of bench-mark stability 
(Karcz et al,, 1976; Savage et al., 1979b; Sylvester, 
1983, 1984) also clouds interpretations of tectonic move- 
ments, because any small shift of a point that is assumed 
to be fixed or stable will yield systematic changes in 
other points that are not necessarily real. 

All near-field geodetic arrays must be resurveyed pe- 
riodically to establish bench mark and background and 
secular noise. Soviet scientists have found that earth 
background noise may be very unstable for a variety of 
known and unknown reasons; therefore, many repeated 
surveys are needed to characterize background noise 
(Nersesov, 1984). Out of several bench-mark stations, 
only a few may be good and reliable, but which ones can 
only be determined by observing them. Both the Soviet 
and Chinese experiences show that networks of instru- 
ments, especially a wide range of observations, together 
with good communication among participating scien- 
tists, are absolutely essential if earthquakes are ever to 
be predicted (Mei, 1984; Nersesov, 1984), 



FICURE 11.3 Alignment array across Ncdeau branch of Sun An- 
dreas Fault near Palmdale, California. E and W are wing stations, IP 
is the instrument point for the theodolite. 


Horizontal Movements 

Alignment Arrays Perhaps the simplest and cheap- 
est measurement technique for horizontal movements is 
to establish a line of nails in street pavement across a 
fault (Figure 11.2) and to measure their deflection over 
time relative to one or several arbitrarily fixed points 
(Rogers and Nason, 1971). If fault slip is discovered, 
then more expensive and rigorous techniques may be 
employed for more complete documentation of the spa- 
tial and temporal character of the movement. Typically 
nail lines, or “nail files” as they have come to be called 
(Louie et al., 1985), contain from 10 to 50 nails in a line 
as long as 100 m established perpendicular to the fault 
strike. The position of each nail can be measured to 
within 1 mm with precision calipers relative to a straight 
line of sight provided by a theodolite. 

Alignment arrays are also measured by triangulation. 
Using a theodolite, angles are turned from reference tar- 
gets in directions parallel to the fault to nails driven into 
a line of utility poles, fences, or trees with a precision of 
1 mm (Keller et al., 1978; Aytun, 1980; Louie et al., 
1985) . These kinds of arrays range in length from 100 to 
500 m, are nearly perpendicular to the fault, and con- 
tain at least three points on each side of the fault (Figure 
11.3), Their chief disadvantage is that their substandard 
bench marks will inevitably yield substandard results 
and thus limit their eventual utility for both coseismic 
and long-term changes. 

Alignment arrays established by the U.S. Geological 
Survey (USGS) for more rigorous and precise determi- 
nation of creep involve triangulation with a theodolite 
to specially designed targets placed above class B rod 
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FIGURE 11.4 Doubly braced quadrilateral across the Sun Andreas 
Fault at Pallett Creek near Palmdale, California. 


marks (Floyd, 1978) and yield a precision of 0.5 mm 
(Burford and Harsh, 1980). The USGS arrays were es- 
tablished in 1967-1974 along the creeping segment of 
the San Andreas Fault in central California to define the 
width of the creep zone more clearly as well as the vari- 
ability of creep along strike. The arrays have about 15 
bench marks in a line from 30 to 220 m long across the 
strike of the fault. 

Trilateration The position of bench marks in closed 
arrays across faults (Figure 11 .4) may be precisely deter- 
mined by triangulation (e.g., Meade, 1971; Lensen and 
Otway, 1971; Henneberg, 1978, 1983) or trilateration. 
The former is tedious and time-consuming and still re- 
quires that a length be directly measured with high pre- 
cision if displacements are to be resolved. More com- 
monly, an array consisting of four bench marks — a 
quadrilateral — is established across a fault (Figure 
11.4), and the lengths of each side and both diagonals 
are measured with an Invar tape or an electronic dis- 
tance meter (EDM) with which a precision of 1 ppm is 
routinely achieved. Line lengths for EDM arrays range 
from 50 to 3000 m, depending on the topography and 
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the apparent width of the fault zone. The dimensions of 
taped quadrilaterals are smaller, from 1 to 50 m. 

Horizontal displacements of bench marks are mea- 
sured by resurveys of the array, and single bench-mark 
displacement-rate vectors and their standard deviations 
are computed from a variation of coordinates adjust- 
ment using all line-length change-rates and their stan- 
dard deviations (Lisowski and Prescott, 1981). 

The small-aperature trilateration studies comple- 
ment creepmeter, strainmeter, alignment array, and 
broad-scale geodolite measurements (e.g., Savage et al ., 
1979a) to show that (1) the creep rate in the central seg- 
ment of the San Andreas Fault varies stepwise from less 
than 1 mm/yrateachendof the fault segment to 30 mm/ 
yr at the center (Lisowski and Prescott, 1981); (2) the 
width of the main zone of slip is generally less than 70 m 
(Burford and Harsh, 1980); (3) episodic creep occurs in 
the Salton Trough at rates ranging from 1 to 10 mm/yr 
(Keller et at., 1978; Louie ef at., 1985), although the 
infrequency of surveys there does not clearly show 
whether the fault slip is dynamically triggered or is truly 
tectonic creep (Goulty et al . , 1978); and (4) creep has 
been observed outside of California only on the North 
Anatolian Fault in eastern Turkey, where dextral creep 
of 10 mm/yr has taken place during the 10 years of geo- 
detic monitoring (Aytun, 1980) . 

Vertical Movements 

Precise leveling is the most common method used to 
detect and document vertical crustal movements over 
periods of days to decades, because when compared 
with currently available alternatives, leveling is more 
stable over longer periods of time and long distances and 
is less costly and more accurate over short and moderate 
distances (Brown and Reilinger, 1980). If repeated suffi- 
ciently frequently, precise leveling may aid other geo- 
physical techniques for earthquake prediction, as has 
been demonstrated in China (Tanaka, 1978; Mei, 1984; 
Zhu et al., 1984). Preseismic fault offsets of 1- to 4-mm 
amplitude and from 50 to 200 km from the epicentral 
area were observed in the year prior to each of four M = 
7+ earthquakes in China (Zhang and Fu, 1981). 

Tryggvason (1968) was one of the first to establish and 
frequently resurvey short leveling arrays of closely 
spaced bench marks to study small vertical fault move- 
ments in detail, although the U.S. Coast and Geodetic 
Survey established lines of closely spaced bench marks 
across the southern San Andreas Fault in the 1930s. A 
few lines, with only three or four bench marks in 1 or 2 
km, were also established across the Atwater and 
Wairau Faults in New Zealand in 1930 (Mackie, 1971). 


Because so few investigators are involved in this kind 
of work, it is instructive to outline the procedures and 
techniques employed in our studies of near-field tec- 
tonic strain. Following Tryggvason’s (1968) example 
and since 1970, my students and I have established a 
variety of fault-crossing leveling arrays across strike- 
slip, normal, reverse, and thrust faults throughout 
southern and central California (Figure 11.5) to docu- 
ment in time and space the vertical movements that oc- 
cur near different kinds of faults and to understand tec- 
tonic processes leading to, and following, fault rupture. 
For example, our straight-line array at San Juan 
Bautista (Figure 11.6) measures vertical separation 
across the San Andreas Fault (Figure 11.7), where hori- 
zontal creep is monitored by creepmeters (Sylvester et 
al., 1980); our W-shaped array in the Garlock area 
northeast of the Mojave Desert (Figure 11.8) monitors 
nontectonic fault slip caused by groundwater with- 
drawal (Sylvester, 1982; Holzer, 1984) and in 9 years 
shows a constant height change across the fault of 35 
mm/yr (Figure 11.9); straight lines across the Punch- 
bowl Fault at Pallett Creek and across the Pleito Fault at 
Grapevine (Figure 11.10) measure movement across re- 
verse and thrust faults (Figure 11.11); an irregular- 



FIGURE 11.6 SitemapforlcvellmeacrossSanAndreasFaultutSan 
Juan Bautista. SJN1 and XSj2 are locations of the U.S. Geological Sur- 
vey creepmeters for measurement of horizontal movement. 
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FICURE 11.7 Height change data across San Andreas Fault at San 
Juan Bautista, 1975-1883. Bench mark 7338 Is arbitrarily held fixed. 


shaped array at Anza (Figure 11.12) detects minor verti- 
cal movements across a narrow, well-defined rift zone 
of the San Jacinto Fault (Figure 11.13); a closed quadri- 
lateral across the San Andreas Fault at Wallace Creek 
(Figure 11.14) provides us two measurements of vertical 
offset across the fault as well as of the tilt of the fault 
blocks; lines in Death Valley and Long Valley are across 
youthful, normal faults; and the quadrilateral at the 
Pinyon Flat Geophysical Observatory (Figure 11.15) 
provides geodetic control for arrays of long-base fluid 
tiltmeters and other strain-measurement devices 
(Sylvester and Jackson, 1982; Sylvester, 1984). 

W e choose our surveying si tes where geom orphic evi- 
dence shows that significant vertical movements have 
occurred in the recent geologic past, and we rely on 
other investigators to provide medium-range precursory 
information that identifies faults that may be in the 
preparation stages for a major earthquake. Then we es- 
tablish arrays in the target area and resurvey them as 
frequently as possible and practical. 

Like other investigators (e.g., Sharp and Lienkaem- 
per, 1982), our procedure is to repeat precise leveling 
surveys of arrays of permanent bench marks established 
across active and potentially active faults. Comparison 
of surveys reveals height changes that then may be re- 
lated spatially to surface faults and temporally to occur- 
rences of earthquakes. 


All our leveling arrays are relatively short — line 
lengths range from 200 to 2600 m and contain as many 
as 70 bench marks. Geometry of arrays is generally dic- 
tated by the terrain and property access and includes L-, 
Z-, W-, and closed, quadrilateral-shaped arrays (Sylves- 
ter, 1982). Some of the straight-line segments across 
faults are also aligned with a theodolite to document 
horizontal movement. Many of the fault-crossing arrays 
are quadrilateral-shaped to determine the tilt of each 
fault block independently by analyzing L-shaped sub- 
sets of bench marks (Figure 11.14). 

Following Tryggvason (1968) and our accumulated 



FIGURE 11.8 Site map of W-shaped leveling array across subsid- 
ence fault in Fremont Valley, California. 
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experience, most turning points in our level are perma- 
nent bench marks no more than 40 m apart throughout 
the line, and permanently marked instrument points are 
exactly midway between bench marks. The relatively 
short, balanced sights minimize systematic errors from 
refraction and collimation, respectively, and assure that 
the rod images are sufficiently large to be read accu- 
rately. Our leveling is always double-run using a shaded 
precision automatic level and strut-supported Invar lev- 
eling rods. The same rod is always placed on the same 
bench mark in each successive survey, and our rods are 
annually calibrated every 10 cm along their entire 
length. 

Perhaps because only a few investigators have been 
leveling in the near field for a short time in limited parts 
of the world, few reports of significant results are avail- 
able in contrast to those from broad-scale leveling, A 
review of vertical preseismic, coseismic, and postseismic 
slip associated with U.S. earthquakes is given by 
Reilinger and Brown (1981). Vertical afterslip was indi- 
cated but not authenticated in two New Zealand earth- 
quakes — the Murchison earthquake of 1929 (Hender- 
son, 1937) and the Napier earthquake of 1931 
(Henderson, 1933). Otherwise vertical afterslip has 
been documented in only four earthquakes, Sylvester 
and Pollard (1975) found that afterslip amounted to less 
than 1 percent of the coseismic vertical separation in the 
year following the 1971 San Fernando (M = 6.4) earth- 


quake; Sharp and Lienkaemper (1982) found that 14- 
cm afterslip, nearly equal to the coseismic slip of 16 cm, 
occurred in the 10 weeks following the 1979 Imperial 
Valley (M = 6.5) earthquake; afterslip following the 
Alaskan (M = 8.3) earthquake of 1964 reached 0,55 m 
over 10 years (Brown et al., 1977; Prescott and Li- 
sowski, 1977); Lensen and Suggate (1968) measured 12 
mm of vertical afterslip in 2 months across the Inanga- 
hua Fault (New Zealand) after about 1 m of vertical 
separation in the 1968 Inangahua (M = 7) earthquake. 
Near-field leveling revealed 54 grad of crustal tilt 6 
months before the Imperial Valley earthquake (Sharp 
and Lienkaemper, 1982), and significant tilt has also oc- 
curred before some Chinese earthquakes (Mei, 1984; 
Zhu et al . , 1984). Previous reports of regional tilt before 
j apanese earthquakes have been attributed to refraction 
errors in the leveling (Mogi, 1984). 

Vertical movement across normal faults of the Asal- 
Ghoubbet rift, Dijoubti, East Africa, is regarded as 
aseismic creep by Ruegg et al. (1984), but vertical creep 
has not been observed elsew'here in spite of specific 
searches for it, especially in California (Sylvester, 1982). 


CRUSTAL TILT 

Tilt of the Earth’s surface has been observed prior to 
earthquakes by broad-scale leveling (e.g., Bendefy, 
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FIGURE 1 UO Site ma|, of level line across Pinto thrust fault near 
townsiteof Grapevine, California. 


1958, 1965) and by near-field leveling (Sharp and 
Lienkaemper, 1982; Mei, 1984; Zhu et al., 1984). 
Broad-scale leveling has also demonstrated recent influx 
of magma into the crust in the Yellowstone area (Pelton 
and Smith, 1982); beneath Long Valley caldera in east- 
ern California (Savage and Clark, 1982); beneath 
Mount Etna (Murray and Guest, 1982); and in the rift 
zone of northern Iceland (Bjornsson et al., 1979), Mag- 
matic inflation of volcanoes has been geodetically moni- 
tored for many years at Kilauea and Mauna Loa Volca- 
noes on Hawaii (Kinoshita et al., 1974; Decker et al,, 

1983) and more recently at Mount St. Helens (Chadwick 
elal., 1983). 

One of the small-scale, geodetic methods for monitor- 
ing fairly large tilt is spirit-level optical tilting 
(Kinoshita et ah, 1974) or dry-tilt as it is popularly 
termed. The dry-tilt method determines tilt of a plane 
defined by three or more bench marks by measuring 
height differences among the bench marks between two 
separate surveys (Sylvester, 1978; Yamashita, 1981). 
Both in our work and in Hawaii a shaded precision level 
is erected at the center of an array of at least three per- 
manent bench marks on each of which three precise In- 
var leveling rods are erected simultaneously (Figure 
11,16). We take care to choose sites for dry tilt that are 
reasonably flat; that have radial symmetry; and that are 
not near oil and water wells, landslides, or recently im- 
posed construction loads such as bridges, buildings, and 
land fills. In our experience, the noisiest data are ob- 
tained from tilt sites on ridge crests and forested areas on 
bedrock, whereas data showing least noise are obtained 
from sites on wide open flats underlain by relatively 
thick deposits of alluvium. 

In Hawaii the dry-tilt measurements complement 
those of borehole tiltmeters, and short-base (3 m) and 
long-base (50 m) water-tube tiltmeters. With superior 
equipment in good adjustment, with careful attention 
to detail, and with rigorous systematic measurement 
procedure, a resolution of from 2 to 3 /trad has been 
achieved in Hawaii as shown in comparative tests with 
the 50-m water-tube tiltmeter. In general, however, 
resolution of tilt with three point arrays ranges from 5 to 
10 prad (Isacks et al,, 1978; Bjbrnsson et al., 1979; Sav- 
age et al., 1979b; Decker et al., 1983; Otway et al., 

1984) . Therefore, the dry-tilt method is best suited for 
monitoring large and fairly rapid tilts, from tens to hun- 
dreds of microradians per day which may be expected to 
accompany magmatic inflation of volcanoes (Dzurisin 
et al., 1982a, b; 1983; Fiske and Shepard, 1982; 
Chadwick etal., 1983), For more precise determination 
of tectonic tilt, long L- and T-shaped and closed arrays 
of bench marks having apertures of from 5Q0 to 1000 m 
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FIGURE 11.11 Height change data crass the Pleito thrust fault, 1980-1383, Bench mark 1 is arbitrarily held fixed. 


are necessary (Savage et al. , 1979b). With such figures it 
is possible to achieve resolution approaching 0.5 /trad 
(Sylvester and Jackson, 1982), 


PROBLEMS 

Although there is a fairly voluminous literature on the 
origin of creep and related minor fault movements, sys- 



FICURE 11.12 Site map of irregular leveling array across San 
Jacinto Fault near Anzn, California, 


tcmatic near-field geodetic measurements of these 
movements have proceeded only about two decades — 
now only beginning to be a significant length of time. 
Thus it is imperative that this time base of data be 
lengthened to obtain empirical data to answer and re- 
fine earlier answers to the following questions. 


Creep 

(1) Why, with but the exception of the North Anato- 
lian Fault in Turkey (Aytun, 1980), is creep restricted to 
the central and southern segments of the San Andreas 
Fault? Is it because the fault is relatively straight and 
parallel to the lithospheric plate motion, that in its cen- 
tral segment it juxtaposes relatively weak, serpentine- 
bearing rocks as several authors have maintained? 

(2) Why is vertical creep so uncommon? Is it simply 
because the search has not been sufficiently broad in 
scope and duration? Or are there more fundamental tec- 
tonic reasons? 

(3) How does creep relate to the earthquake mecha- 
nism? Is it a safety valve that periodically releases stress, 
thus precluding great earthquakes as many authors be- 
lieve? Or is creep a form of long-term , preseismic slip for 
a truly great earthquake? 
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Survey} relalive to Jonuory 1981 



FIGURE 11.13 Height changes of bench marks 
across San Jacinto Fault near Anza, California, 
1981-1083. Bench mnrk 1 is arbitrarily held 
fixed. 



DISTANCE (moteril 


Preseismic Slip 

Leveling evidence for vertical preseismic slip is gener- 
ally sparse and ambiguous (Reilinger and Brown, 19S1), 
but some fundamental questions arise. 

(1) Does preseismic slip occur only on faults that are* 
also characterized by creep? 

(2) Does discrete vertical preseismic slip occur, or are 
preseismic movements typified only by bending, warp- 
ing, or tilt? 

(3) What is the temporal relation of onset and dura- 
tion of creep to the impending main earthquake? 

Afterslip 

(1) Is afterslip truly aseismic, or is it caused incre- 
mentally by aftershocks? Continuously recording 
creepmeters may study this question, but the full range 
of the movement zone generally needs to be covered 
geodetically. 

(2) Is significant afterslip restricted to strike-slip 
earthquakes? Afterslip is nearly equal to coseismic slip in 
strike-slip earthquakes, but less than 5 percent of coseis- 
mic movement in normal and reverse fault earthquakes, 
Why? 

(3) Just what is the mechanism for afterslip? Some 
authors (e.g., Rundle and Jackson, 1977; Wahr and 


Wyss, 1980) maintain that it is a viscoelastic relaxation 
phenomenon, others regard afterslip as a quasi-static re- 
laxation of stress changes (Matsu’ura and Iwasaki, 
1983), while still others (e.g,, Burford, 1972) regard af- 
terslip as time-delayed propagation from bedrock offset 
through overlying cover rocks. The latter view is ques- 
tioned (Sylvester and Pollard, 1975; Bucknam et al., 
1978), but more observations and measurements are 
clearly needed. 

Dynamically Triggered Slip 

(1) Does dynamically triggered slip represent release 
of a fraction of stored elastic strain energy along a given 
fault, or is it just a manifestation of jiggling of two fault 
blocks caused by shaking? A related question is how can 
quite small slips (1 to 30 mm) occur over such long (22 
km) fault segments (Fuis, 1982; Sieli, 1982)? 

(2) Why isn’t dynamically triggered slip more com- 
mon and widespread? Perhaps it is, but because of gen- 
eral preoccupation with the main fault rupture, seldom 
are careful investigations made of nearby faults. Cer- 
tainly attention must be paid to surrounding faults fol- 
lowing moderate and large earthquakes just to increase 
the base of data from the two clear examples at hand. 

(3) Does dynamically triggered slip occur along seg- 
ments of faults destined to be the loci of earthquakes in 
the near future? Thus, is dynamically triggered slip a 
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FIGURE 11.14 Site map of closed leveling army across the San Andreas Fault nuurWallucu Creek, Carizzo Plain, California. 
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FIGURE 11.15 Site map of dosed leveling array at Pinyon Flat Geophysical Observatory near Palm Springs, California. From Sylvester (19R-1) 
with permission of the American Ceopliysieal Union. 


form of precursory slip as suggested by Sich (1982) from 
a limited base of observations? To date, dynamically 
triggered slip has been documented for only the Salton 
Trough of southern California. Is its identification there 
a function of good exposure, many postseismic investi- 
gations, and instrumental coverage? Or is it a function 
of the tectonics? Here, too, the data base must be in- 
creased considerably. 


CONCLUSIONS 

Near-field tectonic geodesy has been instrumental in 
documentation of minor fault movements that follow 
earthquakes together with those that are aseismic and 
coseismic. Although continuously recording instru- 
ments such as creepmeters, strainmeters, and tiltmeters 
provide important time-history data, geodetic informa- 
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tion is required to know where to establish instruments 
in the first place, to provide a spatial range of observa- 
tions intermediate between broad-range geodesy and 
the instruments, and to maintain a monitoring capabil- 
ity over periods of time far longer thun are feasible or 
economic for continuous instrumental coverage. 

Owing to the high degree of precision required for 
near-field measurements, careful attention must be 
paid to the kind and method of emplacement of bench 
marks. They must be made to have a half-life of at least 
SO yr and should have secular movements of no more 
than about 0.25 mm. 

In most cases, investigations seem to have required 
about 10 yr from the time of establishment of a given 
geodetic array to first publication of significant results. 
Such a length of time is probably necessary to quantify 
the noise — including bench-mark motions, survey er- 
rors, and Earth noise in the particular arrays, methods, 
and part of the world. Thus near-field geodetic studies 
are necessarily, or at least typically, long term, and 
agencies and institutions that provide initial support 
must realize the nature of the long-term commitment 
here to investigate a geologic phenomenon on a human 
time scale, It cannot be guaranteed that the Earth will 
cooperate and yield significant results in the course of a 
grant or contract period or soon enough to provide grist 
for a series of publications that will assist in promotion 
for a young assistant professor. 

The Earth moves, often slowly and inexorably. To 
study these movements carefully requires time, pa- 
tience, and not a little luck. To understand these move- 
ments requires long-time series of data — more than exist 
today. 



FIGURE 11.16 Diagrammatic representation of dry-tilt urray. 
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ABSTRACT 

The pattern of degradation observed on some scarps formed by norma!, range-front faulting of 
alluvial fan surfaces may be accurately modeled, and, when properly calibrated, these models 
provide a means for determining the ages of some scarps (morphologic dating). Two different 
degradation patterns are observed: some scarps recline, becoming more rounded with time, 
whereas others retreat with little or no decrease in gradient. Scarps that recline are generally 
covered with soil or loosened debris and are termed transport-limited because more loosened 
debris is produced than the transport processes are capable of removing. Retreating scarps are 
generally stripped bare of debris and are termed loosening-limited because debris is carried away 
as rapidly as it is loosened from the surface. These tw 'i different modes of degradation require 
two fundamentally different models. 

Morphologic dating matches the observed morphology of a degraded scarp with that pre- 
dicted by the appropriate calibrated model. The accuracy of the age calculated for a fault scarp 
is dependent on the accuracy of the calibration and the accuracy of the initial morphology 
assumed for the scarp prior to degradation (potentially complex for fault scarps). Despite some 
limitations, morphologic dating provides a means for dating fault scarps and other scarps result- 


lution? Do hillslopes retreat retaining a steep gradient as 
suggested by Bryan (1922) and King (1953) or progres- 
sively decrease in gradient, becoming more rounded its 
suggested by Davis (1899) and, to some extent, by Penck 
(1953)? Unfortunately, these diametrically opposed the- 
ories of hillslope degradation and the often acrimonious 
debates over the relative merits of each have convinced 
many geologists that little is known about the degrada- 
tion of hillslopes. 

Within the past 15 years, great progress has been 
made in our understanding of hillslopes. Much of this 
progress resulted from careful study of the degradation 


ingfrom active tectonism. 


INTRODUCTION 

Most geologists have their first, and generally last, ex- 
posure to the subject of hillslope degradation in a discus- 
sion of landscape evolution during their introductory 
physical geology course. In that discussion, it is ques- 
tioned whether hillslopes slowly progress through a se- 
ries of evolutionary forms as they degrade as suggested 
by Davis (1899) or fairly rapidly reach an equilibrium 
form dependent on underlyingstructure as suggested by 
Hack (1960) . It is further questioned, if hillslopes do in 
fact evolve slowly with time, what is that pattern of evo- 
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processes active on hillslopcs summarized in several ex- 
cellent books, including those by Brunsden (1971), Gar- 
son and Kirkby (1972), and Young (1972), as well as by 
the rediscovery and popularization by Schumm and 
Mosley (1973) of several classic but generally forgotten 
works. Enough is now known about these processes that 
analytical modeling of the degradation of hillslopcs has 
become possible. Two of these models have been tested 
and found to be sufficiently accurate for some hillslopes 
to be dated ( morphologic dating) by matching their ob- 
served profile with that predicted by the properly cali- 
brated model. 

The hillslopes that wil’ be modeled here are assumed 
to be closed systems, isolated from the surrounding 
landscape. Although this assumption is not valid for all 
hillslopes, it is appropriate for some. Scarps bounded by 
horizontal or gently inclined bases and crests, such as 
fault scarps produced by normal faulting, of alluvial 
fans, abandoned fluvial cutbanks (terrace scarps), and 
abandoned wave-cut bluffs, on which debris derived 
from thescarp face accumulates at its base (i.e., debris is 
not removed by fluvial or wave undercutting) and 
where degradation is by soil creep or by the raveling of 
sand and gravel may be modeled as a closed system. 

OBSERVED PATTERNS OF HILLSLOPE 

DEGRADATION 

The degradation of most natural, vegetated hillslopes 
is extremely slow and difficult to observe directly, and 
the pattern of degradation observed on more rapidly 
eroding, man-made slopes, such as slag heaps and tail- 
ing piles, is not necessarily the same as on natural hill- 
slopes. The degradation of natural hillslopes, however, 
may be observed indirectly by comparing the morphol- 
ogy of a series of different aged hillslopes assumed to 
have had the same initial morphology. This approach 
was probably first used by Savigear (1952), who studied 
differences in morphology among a series of coastal 
cliffs isolated from wave undercutting by the progres- 
sive lateral growth of a protective beach. 

In similar studies, Welch (1970) documented the 
change in scarp morphology with time from observa- 
tions of active and abandoned wave-cut bluffs along the 
north shore of Lake Erie, and Brunsden and Kesel 
(1973) presented differences between active and aban- 
doned cut-banks along the Mississippi River. Nasli 
(1980b) compared the morphology of wave-cut bluffs 
abandoned 10,500 yr before present (BP) and 4000 yr BP 
along the shore of Lake Michigan with that of nearby, 
actively forming wave-cut bluffs underlain by the same 
material (Figure 12.1). A pattern of degradation similar 
to that observed by Savigear (1952), Welch (1970), and 



FIGURE 12.1 Profiles of modern, wave-cut bluffs similar to bluffs 
abandoned 4000 and 10,500 yr BP alor.» the shores of Lake Michigan, 
All bluffs are underlain by a similar sandy morainal material. 


Brunsden and Kesel (1973) is observed on the Lake 
Michigan bluffs — modern bluffs have a nearly horizon- 
tal crest and base separated from a straight, steeply in- 
clined midsection bv a sharp crcstal convexity and basal 
concavity (Figure 12.2a). The midsection gradient of 
the 4000-yr-old bluff has decreased slightly from that of 
the modern bluff, and the erestai convexity and basal 
concavity of the profile have become more rounded. 
This pattern of degradation is more pronounced on the 
10,500-yr-old bluffs. These hillslopes appear to have re- 
clined with age, but did they also retreat? 

Some fault scarps near the town of West Yellowstone 
in southwest Montana apparently did not retreat. In 
1959 the Yellowstone earthquake occurred close to the 
town of West Yellowstone, Montana, forming numer- 
ous scarps in the overlying obsidian sand and gravel de- 
posit. These scarps have a morphology similar to the 
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FIGURE 12.2 u. Profile of a scarp wUli a simple initial morphology! 
a straight base and crest inclined at the same angle, 0, and a straight 
midsection at the angle of repose of the underlying debris, or, the initial 
excess midsection slope angle is defined as the angle by which the ini- 
tial midsection exceeds 9, The scarp offset, II, is the perpendicular 
distance separating the parullcl crest and base, b, With time, the cur- 
vature of the crcstal convexity and basal concavity decrease on trans- 
port-limited hillslopes, The degraded excess midsection slope nnglc, (3, 
is defined as the angle by which the degraded midsection exceeds 0. 
The initial angle of the crest and base, 0, and II ni ay be determ ined by 
analysis of the profile beyond the limits of the basal concavity and 
crestal convexity. From Nash (1984), reprinted from the Bulletin of the 
Geological Society of America, with permission. 


modern wave-cut bluffs along the shores of Lake Michi- 
gan — straight midsections separated from gently in- 
clined crests and bases by sharp crestal convexities and 
basal concavities (Figure 12.2a). Many of the 1959 
scarps are superimposed on much older scarps produced 
by prehistoric earthquakes. These older scarps have a 
more rounded crestal convexity and basal concavity and 
lower midsection gradient than the modern scarps, indi- 
cating a pattern of degradation similar to that of the 
abandoned wave-cut bluffs along the shores of Lake 
Michigan (Figure 12.1). The 1959 scarps are generally 
located near the center of the midsection of the prehis- 
toric scarp (Figure 12.3), suggesting that little retreat of 
the older scarp has occurred. 

Scarp recline and rounding without significant re- 
treat is fundamentally different from the pattern of 
scarp degradation reported by King (i.953), Hamblin 
(1976), and Anderson (1977). King (1953) observed that 


the maximum gradient on hillslopes underlain by the 
same material is frequently the same on large, and pre- 
sumably young, as on small, and presumably old, hill- 
slopes and suggested that this demonstrates that once a 
stable angle has been reached, hillslopes no longer re- 
cline but retreat parallel to themselves. He further ob- 
served that ihe Drakensberg escarpment in Natal, South 
Africa, has “retreated back over 100 miles since the late 
Mesozoic and is still wall-like and over 4000 feet high,” 
Hamblin (1976) and Anderson (1977) found evidence 
for scarp retreat in their investigations of a flight of fac- 
eted spurs above the Wasatch Fault near Salt Lake City, 
Utah. They suggested that the accordance in the eleva- 
tions of these facets (Figure 12,4) indicates that the 
facets are remnants of once continuous scarps formed by 
past movements of the Wasatch Fault and concluded 
that the scarps have retreated significantly [Hamblin 
(1976) suggested that modest recline of the scarp face 
also occurred]. 

On a much smaller scale, a similar pattern of nearly 
parallel retreat may be observed on rapidly degrading, 
natural and man-made scarps underlain by cohesionless 
sands and gravels. Oversteepened walls of borrow pits 
in the obsidian sand and gravel deposit overlying the 
West Yellowstone area are observed to retreat back at a 
high angle, progressively burying their base with loos- 
ened debris (Figure 12.5) . Similarly, scarps produced by 
normal faulting of the same material during the 1959 
earthquake were observed by Wallace (1980) to have 
retreated, progressively burying their base with an ac- 
cumulation of debris loosened from the scarp face. Fol- 
lowing the usage of Wallace (1980), these retreating, 
oversteepened scarp faces underlain by cohesionless ma- 
terial will be referred to as free faces. 

It is no wonder then that a controversy exists as to 
whether degrading hillslopes retreat or recline; there 
can be little doubt that both patterns of degradation 
may be observed. Why do some hillslopes recline with 
progressive rounding of their crestal convexity and basal 
concavity while others are apparently able to retreat 
considerable distances with little change in the mor- 
phology of their profiles? 

LOOSENING-LIMITED AND TRANSPORT- 

LIMITED HILLSLOPES 

In his classic study of the geology of the Henry Moun- 
tains, Gilbert (1877) offered an explanation for why the 
summit of Mount Ellen is gently rounded while the sum- 
mit of nearby Mount Holmes is precipitously steep and 
jagged despite the fact each is underlain by similar tra- 
chyte dikes. He observed that the summit of Mount El- 
len is sufficiently high to be vegetated while the 2500 




mmm », mmm 


feet lower summit of Mount I lolm« is too hat and dry to 
support eonttimoijs vegetation and fen lias hare rock 
slopes. He further observed*, 

veptitim favors the disintegration of nicks arid re- 
satis the transportation trf disintegrated material . Where w-g- 
etatton is profuse there is always a» excess of material ,w«tu 
iagtranspcirfatton, »nd the His it to the rate tsf erosion eon »# 
be merely the limit to the rate of transportation. And since the 
diversity of reel texture, «eh m Mm» and softness, affect 
only the rate of disintegration (weathering ami corraistat) 
and not rate of transportation, these diversities do not affect 
the rate of erosion to reports of profuse vegetation and do wA 
produce cormjain.lt ng diversit i*-s of form , 

On the other hand, where vegetation is scant or absent, 
transportation and eorrajxjort are favored while weathering is 
retarded. There is m Mtunuihion of disintegrates! material 
The rale of r fusion is limited by the rate ot weathering, and 
that v*r|« with lbs diversity of r«k text ore, Tbe«ft are eaten 
IWt) i o 1 It ft lie bard i fi {(,)> iot > »i * It 1 iri 
the topographic forms. 

This basic dit hnimm In-hveen hare and debris man- 
tled hillslopes has been largely overlooked by subse- 
quent hilbtlope researchers until it was noted by 

• aim ( l! (Si! I id Ids xtmk of the degradation ui !«.nl 

(and: slepte, Sclmmm observed Hi ll - rc,-p-({t»i>ii;flH tl 
slopes, itmsc with a corit i n 1 it ) ' : ■ i or cr i if ! ; )< iscik ' ll debris , 


mdim and become Hum ««mW with time, whereas 
wash’domintited hilMojtrx, than* <m which wash pro- 
f**t sweep the surface ban* of loosened debris, retreat 
with time More recently Carson and Kirkbv <1972) 
termed these two fundamentally different billslope 
types trampori limited {hUklopes on which more loos- 
ened d< bris h available for removal than the transport 
processes are capable of removing) and u n athering-Hm- 
itrd fbillslopes on whfch the Sransjtort processes remove 
all debris as rapid!) as it is kmseiied). Debris need not 
necessarily lx* loosened from the blllsltip* suffice by 
weathering; sand and gravel are detached, frata the sur- 
face of the free fact* {Figure 11,1) by evijimMttoo of pore 
water and by i as cling. Becsmst* the* *ft« not weathering 
pox-esses, the term lomcninn*limih’d will he used here 
instead of weathering- limited for hilklopex on which 
debris is removed as rapidly as it is loosened from flic 
dope surface. 

Both looaening-limlted and transport limited hill- 
dopes can occur in ail climates; transport-limited hill- 
dopes, however, are more common on unermsoiidated 
or weakly consolidated materials in Inuatcl-leinfwrate 
cli. ate* with continuous vegetative cover, whereas 
loosening limited hilklnpcs are in mt common on 


• t< t Th; ■* jl >s ftli- ,, 1 1...,.: 

the | USKWwt Vdttuw* 1 . i.-.v 1'rtiilnHiak Hmh 
retetl fey the arrow) are gi nsr.tll'. faijiil xn- 
ligHtoposad ors the rewfer of mw l» «3d«-i 
warps imitating that little or «o mim t «( the 
elder se*fp has tasaimal (photo by |, 11, Sta- 
rey, y,S. Ciooiogtal Survey). 
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Ft » i l/RE 1,1, >1 flights i if faceted vpu ft m\m% 
llh; western Pont «i fix* WtwMtrh latip-, 
Tllt*t* inerts ;»n* fhwwght In lltiifiMin j (§71!) 
and Amferswi (1977} f<i have formed In r<.* 

I mat of <rar|» jirmliK til by multiple move 
menls d iln Wasitdi Fault i pholo << jur ft*.*. ni 
W K MamWin, Httgbam \««irkglinmTsiiy) 


wratlwrin^r- resistant rocks and in arid to .cm i arid re- 
gions with insiif hi lent i r u •■stun to support: a runt ini min 
vegetative rover. As will be dfo ussed . h mst'iini;.! 1 ■ i 1 tiV 
degrade by ret re a. whereas iianspr.il timiu-l 
ItflMopes degrade by recline and rounding It is interest* 
lag to note that l ho advocate of pjr.i!f i 1 retreat, such m 
Bryan (ISIS) and King (1953), worked primarily is arid 
and seniiand regions, whereas the most notable prnpc- 
ncrit ut hillslnpe recline . Davis ■ i h!l9 . worked pi inno i! ? 
m temperate-lu: mid regions. 


pniposed by many researcliers including Calling f liMMI), 
Snuchez (196*1), Hirann ( 1968, 1975), and Pollack 
11968). The model, sometimes termed the diffusion 
model of hilklope degradation, is based on the assump 
turn that tin- \.»himvtrir rate ai which debris mo'v.s 
I- >sMid< >p> at 8 purticulai point on a lull' lope pi "fill* r 
proportional to the gradient of the profile at that point . 
Although v\ erai transport imvii .i nUn» have been prr>* 
posed for Mit 1 1 ilehris t r jnxpoi t . the most probable m soli 
creep (Culling 1963, 1965; Nash, 1980a). 


Debris Transport hy Creep 

The slow, rteady dow nsiope creep of material on 
trun.s|>nrt -limited hilklopes is thought by main to result 
from alternate expansion im! contractu m within thed.* 


MODELING THE DEGRADATION OF 
TRANSPORT! J M ITED HILLSLOPKS 

The fallowing . odel for tliserilling the degradation 
of transport limited lulblopes is not new : it has been 
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bris mantle. This expansion arid contraction may he the 
result of heating and cooling (Davison. 1888) or hydra- 
lion and dehydration (Fleming, 1972) or fnar/ing and 
thawing of pore water. If expansion occurs In heaving 
perpendicular to the .slot*.* surface and contraction by 
vertical dropping of the surface, a net downs lope dis- 
placement of the debris cover results, which is propor- 
tional to the sine of the slope angle of the surface 'Figure 
12,6b). If the amount of expansion and contraction of 
the debris mantle is uniform throughout its thickness, 
the upward and downward displacement of debris de- 
creases linearly with depth, and. therefore, the down- 
slope movement of debris resulting from a single expan- 
sion and contraction episode will also decrease linearly 
with depth (Figure 12.6b). The depth to which an ex- 
pansion and contraction cycle penetrates into the debris 
mantle, however, is highly variable. A light rain or light 
freeze may penetrate a few centimeters beneath the sur- 
face, but if will take the rarer, heavier rain or severe 
freeze to penetrate to greater depths. Titus we would 
expect the actual displacement profile within the debris 
mantle to reflect both the linear decrease in displace- 
ment with depth resulting from a single expansion- 


H(*l HK \1 li a, Dmvn\1o(x‘c -rerp caused In expansion of the debris 
j mantle |M?r | h* ridiet liai r to I Ik* surface followed In vertical contraction | 
! Alternate heating and cooling, freezing and thawing, at welting and! 
fits \\X'l are thought to prod nee *tieh cr ee|i. h, For a sinuft* episode Ml 
[expansion an*! con tract am. the displacement of soil <iowndo|H? dr- 1 
crease* linearly with depth (no displacement will moor beyond the 
depth id {Mi'i'ietralion of the e.sparidcm-tsmifiwiion cycle?. e, The Ire- 
< jueney with which an cxpanMfnrcont tact inn episode penetrates into 
I In- surface dec reaves rapidly w Hh depth, When the linear dow aslope, 
idisplucemcnl ni ddhrh rrsmfiniz bom a Mode espandoti-tirntructioti: 
episode is combine' with the decreasm^ frc'gitcttcx «»f occurrence oh 
igienetration with depth, it produces a concave- dmv hslope displace- I 
OK*nt profile alter many epimnies. This dispUvemeiit pioldo has i>een 
observed m several field similes. 
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contraction episode and the decreasing frequency of 
penetration at greater depths to produce a concuve- 
dovvnslope displacement profile (Figure 12,6c), This 
prediction is verified by several field studies of creep dis- 
placement summarized by Carson and Kirkby (1972) , 

If the depth of penetration is uniform over the hill- 
slope surface during a single expansion-contraction 
event then the volumetric, downslope flux of debris, q, 
per unit length of contour at a point on a transport-lim- 
ited hillslope will be proportional to the sine of the slope 
angle at that point, or 

q = csin i/-, (12,1) 

where c is the coefficient of proportionality. Debris will 
seldom remain on slopes steeper than 30°, so little error 
is introduced by assuming that q at a point on a trans- 
port-limited hillslope is proportional to the tangent of 
the local slope angle, or 

q =■ ctarwf - c~ (12.2) 

in two spatial dimensions, where x is the horizontal and 
tj is the vertical coordinate of the point, Field studies by 
Schumm (1967) and others verify that the observed 
creep rate may be described by Eq, (12.2). 


Downslope Conservation of the Debris Flux 

A hillslope profile may be thought of as a series of 
linear seg ments each receiving debris at its upslope end 
and discharging debris at its downslope end. If more de- 
bris enters a segment than leaves, conservation of mass 
requires that the debris within the segment must in- 
crease, resulting in an increase in the elevation of the 
segment (Figure 12.7a). Conversely, if more debris 
leaves than enters a segment, its elevation must decrease 
(Figure 12,7b), Thus the downslope change in the debris 
flux, q, determines the change in elevation at a point on 
a hillslope. Debris will accumulate and the elevation 
will increase where q decreases downslope, such as at 
basal concavities. Debris will be depleted and the eleva- 
tion will decrease where q increases downslope. In spa- 
tial dimension, x, the change in elevation, y, with time, 
t, on a hillslope profile is therefore equal to the down- 
slope divergence of the debris flux, or 


dt 




(12.3) 


This equation predicts the pattern of degradation shown 
in Figure 12.8; the gradient of the midsection decreases 
and the curvatures of the basal concavity and crestal 
convexity decrease (become more rounded) with time. 

Equation (12.3) is not appropriate for loosening-lim- 



FIGURE 12,7 Conservation of debris on a transport-limited bill, 
slope, a. If the debris flux entering a hillslope segment, c exceeds the 
flux leaving r/i, there will be a net accumulation of debris within the 
segment and its elevation will increase with time, b. If r/| exceeds q m 
there will be a net depletion of debris within the segment and its eleva- 
tion will decrease with time. 


ited slopes because the transportational processes are ca- 
pable of sweeping the slope surface completely clear of 
debris, nor is it appropriate for all transport-limited 
hillslopes. Although Eq. (12,2) is probably appropriate 
for describing raindrop-induced, surficial creep on bare 
sand (e.g., Savat and DePloey, 1968), it is probably not 
appropriate for wash erosion on transport-limited hill- 
slopes (such erosion is rarely effective on continuously 
vegetated hillslopes underlain by cohesionless sands and 
gravels). 

Nash (1980b, 1984) demonstrated that Eq. (12.3) fits 
the pattern of degradation observed on abandoned 
wave-cut bluffs along the shore of Lake Michigan (Fig- 
ure 12.1) and on fluvial terrace scarps along the Madi- 
son River near West Yellowstone (Figure 12.9). Hanks 
et al. (1984) fit the pattern of degradation observed on 
Lake Bonneville scarps and a fault scarps near Drum 
Mountain, Utah, abandoned sea cliffs along the Califor- 
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nia coast near Santa Cruz, and Fault scarps near tlie Fish 
Spring Range, the Oquirrh Mountains, and the Shee- 
prock Mountains, Utah, with the pattern of degradation 
predicted by Eq. (12.3). Hanks and Wallace (in press) 
demonstrate that the degradation pattern observed on 
shoreline scarps formed by Lake Lahontan in western 
Nevada may be closely modeled witli Eq. (12.3). The 
model also predicts that the degradation of a transport- 
limited scarp is not accompanied by retreat, which 
would explain why the scarps formed during the 1959 
West Yellowstone earthquake are generally located near 
the center of much older scarps formed by previous off- 
sets of the same fault (Figure 12,3), The model also suc- 
cessfully predicts the inverse relationship between scarp 
height and the slope angle documented by Bucknam 
and Anderson (1979) in a study of a degraded fault scarp 
near Drum Mountain, Utah (Nash, 1980b; Column and 
Watson, 1983; Hanks el al,, 1984; Hanks and Wallace, 
in press). 


MODELING THE DEGRADATION OF 

LOOSENING-LIMITED HILLSLOPES 

Loosening oj Debris from a Bare Scarp Face 

Numerous researchers believe that a uniform thick- 
ness of material is loosened from the surface of a uni- 
formly inclined scarp face underlain by homogeneous 
material during a given unit of time. Penck (1953) sug- 
gested the following; 

. . . On a slope of uniform gradient and equal exposure, a 
profile of reduction is formed which shows everywhere the 
same development and the same thickness. In the same time 
that the uppermost horizon of that profile has taken to acquire 
tiie mobility necessary for migration, a rock layer of the same 


thickness throughout has become reduced, Al the close of a 
further equal inlcrvul of time, a further layer of roek, again of 
the same thiekness and of equal thickness al every purl of the 
slope, passes over into the reduced form. 

Removal of a uniform thickness of loosened debris 
from the scarp face results in parallel retreut with no 
rounding of tin* crestal convexity or basal concavity, 
The pattern of degradation, however, is dependent on 
whether the loosened debris accumulates at the base of 
the scarp or is removed, 


Accumulation of a Basal Debris Apron 

As long as debris is swept clear of the base of a scarp, 
the scarp retreats parallel to itself. This process min be 
observed on active fluvial cut-banks and wave-cut 
bluffs. When undercutting ceases and debris is no longer 
removed, an apron of debris inclined at a characteristic 
angle of repose will progressively grow, ultimately 
burying the retreating scarp face, 

The first analytical model of parallel retreat with ac- 
cumulation of a basal debris apron was formulated by 
Fisher (1866) to describe the degradation of coastal 
chalk cliffs, Fisher's model assumed a vertical scarp face 
and a horizontal crest and base. Lehmann (1933) modi- 
fied the model to permit the treatment of nonvertical 
scarp faces and to allow for changes in volume of the 
debris as it moves from the scarp face to the debris 
apron. The model was further modified by Nash (1 981a) 
to permit the treatment of scarps with nonhorizontal 
crests and bases. The pattern of degradation predicted 
by this model is shown in Figure 12.10. Note that the 
model predicts the development of an uneroded, para- 
bolic core of debris beneath the debris apron. Immedi- 
ately adjacent to the base of the retreating scarp face, 
the surface of the uneroded core of material is thinly 
buried and nearly parallel to the overlying surface of the 
debris apron. 

The predicted pattern of degradation of the scarp 
face is nearly identical to that documented by Wallace 
(1980) for scarps formed during the 1959 Yellowstone 
earthquake (Figure 12,11). It can also be used to explain 
the origin of the flight of faceted spurs along along the 
Wasatch Front above the Wasatch Fault noted by 
Hamblin (1976) and Anderson (1977) (Figures 12,4 and 
12.12) and to provide a possible explanation for the ori- 
gin of pediment surfaces. Pediments are bare or thinly 
veneered bedrock surfaces frequently found at the bases 
of loosening-limited ranges (Cooke and Warren, 1973). 
In numerous areas where the retreating face has been 
completely or extensively removed and the alluvial 
cover has been completely stripped away, the pediment 
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FICUHH ]2.!) Coiiipuri.win (>r the pra files 
measured nn terrace scarps above the Madi- 
son river near West Yellowstone, Montana 
(solid lines), with the profiles predicted liy the 
degradation model for transport-limited hill- 
slopes (crosses), from Nash (1084), reprinted 
from the Bulletin ttf the Gctlagicul Society of 
America , with permission, 


surface is observed to have a parabolic shape, In fact, 
Fisher (1866) proposed the model to explain the origin of 
what he terms “parabolic noses" of chalk at the base of 
the chalk cliffs along the English coast. He suggested 
that the noses formed beneath a debris apron that was 
able to accumulate at the base of the retreating cliff dur- 
ing a prehistoric period of lower sea level. The subse- 
quent rise of the sea to its present level removed the basal 
debris apron, exposing the uneroded chalk nose. 


USING THE II ILLS LOPE DEGRADATION 
MODELS TO DATE SIMPLE FAULT SCARPS 

Both the transport-limited and the weathering-lim- 
ited hillslopc models offer a means for morphologic dat- 
ing of some prehistoric fault scarps. Before this can be 
done, the initial morphology of a scarp must be accu- 
rately estimated and the models must be calibrated. 
Neither of these tasks is simple, nor are they even possi- 
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FICUIUi 12.10 Model for ret real Ini', loosening-limited scar]). The 
retreating free fme Is progressively hurled by a basal apron of debris 
shed from Its surface. 


ble in many cases. Although dating can be performed on 
several different types of scarp underlain by different 
kinds of materials, the following discussion of fault 
scarp dating is limited primarily to scarps produced by 
normal faulting of relatively cohesionless alluvium such 
as those produced by range-front faulting of alluvial 
fans in the Basin and Range region of the western United 
States, The initial morphology of such scarps can be 
quite complex. Frequently the fault surface will splay 
close to the ground surface to produce an assemblage of 
smaller scarps rather than producing a single scarp. Re- 
peated faulting often superimposes younger scarps on 
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1959 West Yellowstone earthquake with its profile observed 2!) years 
later. The free face of the retreating scarp is nearly buried (compare 
with Figure 12,10). (Photo courtesy of H. E. Wallace, U.S. Geological 
Survey.) 



F1CUHE 12. 12 If u busul debris apron is not allowed lo accumulate, 
the free face cun retreat great distances, Subsequent movements of the 
funlt nay produce a new scurp before the older scarp is eliminated 
(compare with Figure 12,'l) 


much older ones, The initial morphology of these com- 
plex scarps is difficult or impossible to determine with 
an accuracy sufficient to permit morphologic dating. 
Nash (1984) suggested that independent geologic evi- 
dence (e.g., from trenching) be used to determine 
whether a scarp had a complex initial morphology and, 
if so, to reject it for morphologic dating. The analysis 
below is for simple scarps. Recently, however, Hanks 
et al. (1984) have proposed a method for dating more 
complex scarps produced by repeated fault movements. 

Initial Morphology of Fault Scarps 

It is assumed here that the initial morphology consists 
of a single scarp that offsets a straight crest and base 
inclined at the prefaulting slope of the fan surface (Fig- 
ure 12.2a), Scarps formed by normal faulting of cohe- 
sionless sands and gravels result from active Rankine 
failure producing failure planes inclined at 45 + 4>/2 to 
the horizontal. the angle of internal friction, gener- 
ally varies from 30° to 35° so initial scarp angles range 
from 60° to 62°. Theoretically, fora purely cohesionless 
material, a slope cannot exceed 4' (Careon, 1977), there- 
fore, the initial fault scarp should rapidly recline to 4>. A 
rapid recline to 4>, however, is frequently not observed 
on normal fault scarps underlain by “cohcsionless” 
sands and gravels, probably because of a weak, ephem- 
eral cohesion among grains resulting from pore water in 
capillary tension and from minute amounts of cement- 
ing at contact points between grains. Instead, a loosen- 
ing-limited free face is produced that retreats, progres- 
sively burying its base with debris. The time necessary 
for the retreating free face to be completely buried, pro- 
ducing a continuous debris apron that at 4>, varies with 
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FIGURE 12, 13 Scarps produced by normal faulting of alluvial fans 
degrade In two stages. In the first, the loosening-limited free face re- 
treats. After the free face has been burled, the second, transport-lim- 
ited stage of degradation begins. 


the height of the scarp, the type of material, and the 
climate. Wallace (1980) found that the free face of most 
of the fault scarps produced by the 1959 earthquake in 
West Yellowstone are now nearly buried. On the other 
hand, the free face of the scarp produced by faulting 
during the 1915 Pleasant Valley, Nevada, earthquake is 
still clearly visible, and Wallace (1977) estimated that 
300 yr will be required for it to be completely buried. 
The time necessary for the complete burial of the re- 
treating free face may be from seconds to centuries but is 
probably most often on the order of decades. 

Degradation thus proceeds in two stages. During the 
first stage, the retreating free face may be described 
with the loosening-limited model. The second stage be- 
gins when the free face has been completely buried by 
the debris apron. Subsequent degradation of this apron 
may be described with the transport-limited model 
(Figure 12.13). Although the scarp retreats during the 
first stage, the center of the initial free face and the cen- 
ter of the debris apron that it produces are nearly the 
same, so that future movements of the fault will nearly 
bisect the debris apron (Figures 12.10 and 12.3). 

Morphologic Dating of Loosening- Limited Scarps 

Dating of fault scarps in the initial loosening-limited 
stage of degradation is simple in principle but difficult 
in practice: the distance that the free face has retreated 
from the fault is divided by the rate of scarp retreat. The 
accuracy of the calculated age is dependent on the accu- 
racy of the retreat rate used, which varies not only from 
scarp to scarp but also along a given scarp face. The 
average retreat rate of the free faces resulting from the 


1959 Yellowstone earthquake derived from data pre- 
sented by Wallace (1980) is about 7-8 em/yr, which is 
intermediate to the values derived from Wallace’s 
(1977) study of scarps in north central Nevada: a slower, 
2 cm/yr for the 1915 Pleasant Valley scarp and a faster 
10 cm/yr for the nearby scarp produced by the 1954 
Dixie Valley earthquake. A large variation in the retreat 
rate along ihe Pleasant Valley scarp is quite evident; in 
some locations the free face is still standing immediately 
adjacent to a fresh- appearing basal graben, while 
nearby it has b^en completely buried. Retreat rates are 
probably u function of variations in the cohesion of the 
alluvium and of the climate. It is also likely that rate of 
retreat varies over relatively short periods of time (a 
great deal of retreat may occur during a particularly se- 
vere storm). Despite these limitations, when the effects 
that underlying material and climate have on retreat 
rates are understood well enough to permit accurate cal- 
ibration of the loosening-limited model, it is likely that 
relatively accurate dates may be derived for some fault 
scarps in the first, retreating stage of degradation. 

Morphologic Dating of Transport-Limited Scarps 

With the burial of the free face by the basal debris 
apron, the scarp becomes transport-limited and dating 
must be based on Eq. (12.3). The first technique pro- 
posed forsuch dating (Nash, 1980a) uses the relationship 
between scarp height and rate of degradation to date the 
Drum Mountain, Utah, fault scarp observed by Buck- 
nam and Anderson (1979). The method requires that a 
scarp of known age be located nearby and that both are 
underlain by the same material and show a continuous 
range of heights along their length. These requirements 
greatly limit the applicability of the technique. More 
flexible methods have subsequently been proposed by 
Nash (1981b), Colman and Watson (1983), and Hanks 
et al. (1984). The Nash (1981b) method is presented 
here, but al! techniques based on Eq. (12.3) will yield 
similar ages for a given scarp. 

As it enters the second, rounding stage of degrada- 
tion, the scarp is assumed to have a straight midsection 
at the angle of repose of the underlying debris, 4>, sepa- 
rating a straight base and crest equally inclined at an 
angle of 0, the original slope of the faulted fan surface 
(Figure 12.2a). The scarp offset, H, is defined as the per- 
pendicular distance separating the crest, and base and 
the initial excess midsection slope angle , a , is defined as 
the angle by which the midsection slope angle exceeds 0 
( 50 $ - a + 9). As it degrades, the crestal convexity and 
basal concavity of the scarp become more rounded but 9 
may still be observed beyond the extent of this rounding 
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and thus H may still be measured from the degraded 
profile (Figure 12.2b). The midsection of the degraded 
profile is defined as the straight inflection segment sepa- 
rating the basal concavity from the crestal convexity. 
The degraded excess midsection slope angle, 0, is de- 
fined as the angle by which the inclination of the de- 
graded midsection exceeds 0. 

For hill. slopes with horizontal crests and bases (i.c., 
8 - 0, a definite relationship exists among H, c, a, 0, 
and t, the elapsed time since the initiation of the second 
stage of scarp degradation. A single value of tan a/tan 0 
is the unique result of a single value of ( tclli 2 ) tan 2 a 
(Nash, 1984). This relationship (Figure 12.14) may be 
used as the basis for morphologic dating. Although the 
relationship breaks down for hillslopes with steeply in- 
lined crests and bases (8 > 20°), negligible errors (less 
than 2 percent in the calculated value of l) result from 
using the followingdating procedure on scarps on which 
6 < 10° and where ct + 8 < 35°. According to Figure 
12.14, one-quarter as much time is required for a scarp 
to degrade from a to 0 if c is quadrupled or if H is 
halved. To date a scarp, H, 0 + 6, and 8 are measured 
from a profile of the scarp, and a + 6 is found indirectly 
by measuring the angle of repose, 4>, of the underlying 
debris, tan a / tan 0 is calculated and the corresponding 
value of ( tcIH 2 ) tan 2 a is taken from Figure 12.14. This 
value of (tcIH 2 ) tan 2 a is multiplied by ll 1 and divided by 
tan 2 a to yield It*. If t is known then c may be calculated. 
If c has been calculated for a nearby scarp of known age 
or has been derived by some other means, t may be cal- 
culated. Because the time required for completion of the 
first, loosening-limited stage of degradation is relatively 
short (rarely more than a few centuries), t is generally 
assumed to be equal to the total age of the scarp. 

The accuracy of l is dependent on the validity of as- 
suming that a scarp had an initial morphology similar to 
that shown in Figure 12.2a and on the accuracy of c. 
Calculated values of c vary widely: 12 X 10 -3 m 2 /yr for 
wave-cut bluffs underlain by sandy morainal materia! 
in Michigan (Nash, 1980b); 2 X 10~ 3 m 2 /yr for fluvial 
terrace scarps underlain by cohesionless obsidian sand 
and gravel near West Yellowstone, Montana; to a mini- 
mum of (0. 9-1.0) X 10~ 3 m 2 /yr calculated for the Lake 
Bonneville scarps by Colman and Watson (1983) and 
Hanks et ah (1984). [Hanks et ah (1984) also proposed 
that 1 m 2 /10QQ yr be termed a G.K.G. in recognition of 
G. K. Gilbert’s contribution to the study of hillslopes.] 
Pierce and Colman (in press) observe a correlation be- 
tween scarp aspect and c and also find a disturbing rela- 
tionship between c and scarp height. It is likely thatc is a 
function of underlying material, climate, and scarp as- 
pect and thus is highly site specific. The identical values 
for c determined by Hanks and Wallace (in press) for the 



FIGURE 12.14 The relationship among initial excess midsection 
slope angle, ; degraded excess inidsection slope angle, (3; scarp offset, 
//; c; and elapsed limesince the start of the second stage of scarp degra- 
dation, t. This relationship forms the basis of the morphologic dating 
technique used here for doling transport-limited scarps. From Nash 
(1984), reprinted from the Bulletin of the Geological Society oj Amer- 
ica, svitli permission. 


Lake Bonneville and Lake Lahontan shoreline scarps, 
however, suggest that a value of c = (1.0-1. 1) X 10~ 3 
nr/yr may be appropriate for many scarps underlain by 
alluvium in the Basin and Range province. Ideally, the 
value used for c. should be derived from a nearby scarp of 
known age, underlain by the same material, and having 
the same aspect as the scarp to be dated. It is assumed 
that c does not change with time — questionable given 
the extent to which Holocene climatic conditions dif- 
fered from those of the Pleistocene. Pre-Holocene dates 
are thus suspect, and it is possible that the moderation of 
climate during the xerotherm 4000 yr BP may have been 
sufficient to have changed c significantly. 
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Given the simple initial scarp morphology shown in 
Figure 12.2a, Eq. (12.3) predicts that curvature of the 
erestal convexity and basal concavity should be identical 
at any future time. If a significant asymmetry of the 
erestal convexity and basal concavity is observed, dating 
should be attempted with great caution [slope wash pro- 
cesses probably cannot be modeled with Eq. (12.3) and 
are likely to produce a profile with a more rounded basal 
concavity than erestal convexity]. 

RECOMMENDATIONS FOR FUTURE 

RESEARCH 

Although the validity of the models for loosening-lim- 
ited and transport-limited hillslopes is fairly well estab- 
lished and accepted, widespread application of the 
models for morphologic dating of fault scarps is ham- 
pered by the lack of a means for accurately calibrating 
either model for a particular site. Both c and the rate of 
retreat of a free face are probably a function of factors 
such as climate, underlying material, and scarp aspect 
and therefore are highly site specific. Currently, both pa- 
rameters must be determined from a nearby scarp having 
the same aspect and underlain by the same material as the 
scarp to be dated (generally such a scarp will not be avail- 
able). If the effects of climate, material, and aspect on the 
retreat rate and c could be determined accurately, how- 
ever, appropriate values for either parameter could be 
estimated by measurement of these factors. To determine 
these effects, retreat and rounding rates must be found 
for a large number of dated transport- and loosening-lim- 
ited hillslopes in various climates, with a variety of as- 
pects and underlying materials. 

The study of initial scarp morphology and rates of re- 
treat of the free face would be helped considerably if a 
continuous set of photogrammetric quality stereo im- 
ages were taken at ground level along each scarp imme- 
diately after faulting and at 10-yr intervals thereafter. 
This set of imagery would also permit future investiga- 
tors to make measurements of morphologic parameters 
not considered by the initial investigators. 

CONCLUSIONS 

Degradation of scarps formed by normal faulting of 
alluvial fan surfaces occurs in twostages. In the first, the 
steep, loosening-limited free face retreats back, progres- 
sively burying itself with a basal apron of debris. The 
second stage of degradation begins when the free face is 
completely buried by debris to yield a midsection uni- 
formly inclined at the angle of repose of the debris. Deg- 
radation of this transport-limited scarp proceeds by pro- 
gressive rounding of the basal concavity and erestal 


convexity and recline of the midsection gradient. Both 
the parallel retreat of the free face in the first stage and 
the rounding of the scarp in the second stage can be de- 
scribed by two simple models. If the initial morphology 
of the scarp can be accurately estimated and if the 
models are properly calibrated, they can be used to date 
a scarp in cither stage of degradation . 

The applicability of morphologic dating is limited by 
the need to recalibrate the models for each scarp to be 
dated, currently only possible by analysis of a nearby 
similar scarp of known age. With additional investiga- 
tion, it is likely that the influence that climate, underly- 
ing material, and aspect have on c and on the rate of 
retreat will be known with sufficient accuracy that the 
models can be calibrated directly from measurements of 
these factors. 

Morphologic dating is not applicable to all scarps 
formed by normal faulting of alluvial fans. Degradation 
by slope wash cannot be described with either model, so 
dating of wash eroded scarps should probably be 
avoided (such scarps will often have a more rounded ba- 
sal concavity than erestal convexity). It is also likely that 
the pre-Holocene climate was sufficiently different 
from the present that c was also different, making pre- 
Holocene dates suspect. Morphologic dating should not 
be applied to fault scarps that cannot be assumed to 
have had a simple initial morphology comprising an 
equally inclined crest and base separated by a straight 
midseetion. Despite these limitations, morphologic dat- 
ing, when used with considerable care, should prove it- 
self to be a valuable tool for determining the deforma- 
tional history of areas of active teetonism. 
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ABSTRACT 

Geologic assessment of active tectonism depends on two key measures: the age and the amount of 
deformation of a given stratigraphic unit. The amount of deformation can normally be mea- 
sured with greater accuracy than the age, Adequate age control is thus a limiting factor in studies 
of active tectonism. 

About 26 dating techniques can be applied to dating deposits and deformation of late Ceno- 
zoic age (past few million years) . These techniques can be grouped as numerical, relative dating, 
and correlation. Numerical techniques are best, but datable materials are often lacking, and in 
these cases age estimation must be made using relative-dating or correlation techniques. Rela- 
tive-dating techniques are nearly always applicable but are not precise and require calibration, 
Correlation techniques are locally useful and depend on recognition of an event whose age is 
known, such as a volcanic eruption or a paleomagnetic reversal. 

Geologic studies of active tectonism are greatly aided by definition and time calibration of 
local stratigraphic sequences. Because all dating techniques may be subject to considerable er- 
ror, reliability should be assessed by stratigraphic consistency between results of different dating 
methods or of the same method. Numerical ages may have large, nonanalytical errors. For 
example, radiocarbon dating is one of the most useful techniques in the 0-50-ka range (ka = 
thousand years old), but contamination can result in dates as young as 15 ka for deposits that 
should be isotopicaily dead ( >40-70 ka) . 

Improvements in our ability to date active tectonism and define its rates will come from 
continued refinement of established techniques, such as carbon-14 dating, and development of 
experimental techniques, of which thermoluminescence seems to offer special promise. Experi- 
mental isotopic-dating techniques such as ln Be, 3(i Cl, and 20 A1 also offer potential for dating 
faulting and other deformation. However, refinement of relative-dating techniques, such as soil 
development, rock weathering, and progressive landform modification are likely, because of 
their general applicability, to provide much of the needed age control. 

For a given fault or other feature of active tectonism, deformation rates need to be determined 
over different time spans to recognize any variations in deformation rate and how attempts at 
prediction of future deformation may relate to these variations. I f grouping of faulting events has 
occurred, hazard assessment based on deformation rates depends on the combination of the 
pattern of deformation and the time window of observation. 
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INTRODUCTION 

Dating is a critical tool in the assessment of active tec- 
tonism. The two primary measures of active tectonism 
are the age and the amount of deformation of a strati- 
graphic unit, which together define rates of deforma- 
tion. Although slip or other deformation rates may vary 
through time, such rates are still one of the most useful 
measures of active tectonism (Slcmmons, 1977). 

Dating of active tectonism is commonly accomplished 
by dating surficial or volcanic deposits. In addition to 
dating conventional stratigraphic units, materials such 
as calcite infillings may be deposited in a fault plane and 
dating of these in fillings used to determine the history of 
faulting. With either conventional stratigraphic units or 
materials infilling a fault zone, if the material is unbro- 
ken its age provides a minimum age for the last faulting; 
and if it is broken, it provides a maximum age for the last 
faulting. Although individual fault offsets obviously oc- 
cur in jumps, the overall slip rate can be determined 
from the amount of offset, especially for multiple 
events, divided by the geologic time interval involved. 

In the past few decades, our ability to date geologi- 
cally young deformation and associated deposits has im- 
proved greatly. In this time, dozens of dating techniques 
(Tables 13.1 and 13.2) have been either developed or 
greatly refined. As few as 10 yr ago, estimates of the age 
of Quaternary deposits were commonly in error by sev- 
eralfold, and it was not uncommon for age estimates to 
have been off by a factor of 10, Although we have re- 
cently learned much about the ages of young deposits 
and deformation, we still have a long way to go, for one 
of the greatest constraints in our understanding active 
tectonism is accurate and reliable dating in order to de- 
fine rates of past deformation and times of past earth- 
quakes (Allen, Chapter 9, this volume). 

An appreciation of the amount of dating control 
needed is illustrated in Figure 13.1, which shows one 
model of fault activity through time. Predictions based 
on such a model require multiple dates to determine (1) 
the slope of the line shown as “accumulation rate,” (2) 
the interval between fault movements, and (3) the time 
since the last movement. To define a fault history in- 
volving multiple events, at least one age is needed to de- 
fine each event. This kind of model depends on the as- 
sumption of a constant accumulation or slip rate; dating 
control spanning different time intervals is needed to 
know if the assumption of a constant slip rate is war- 
ranted. 

More than one age determination is required to estab- 
lish reliable age control. Numerical ages are preferred, 
but relative-dating and correlation methods are impor- 
tant because they can provide age control in the absence 



zero timB) TIME, T — 

FICURE 13.1 Diagram of tile earthquake-generation process of 
Cluff el al. (1980) showing importance of time (horizontal scale) in 
earthquake history and prediction. In order to predict the time of a 
future earthquake bused on this model, note iiow much dating control 
is needed to define holding time, accumulation rule (similar to slip 
rate), and elapsed time, even for this example in which accumulation 
rate Is assumed to be constant. 


of numerical techniques, or they can be used to evaluate 
the numerical ages, which can be subject to large non- 
analytical errors, Surficial geologic studies and local 
time-calibrated stratigraphies are vital in the study of 
active tectonism, both to provide dating control and to 
evaluate the reliability of specific age estimates for tec- 
tonic events. 

OVERVIEW OF DATING METHODS 

About 26 different dating methods can be used in dat- 
ing active tectonism . Table 13.1 categorizes these meth- 
ods as primarily numerical, relative dating, or correla- 
tion (Table 13.1). The numerical methods are based on 
processes that do not require further calibration. Rela- 
tive-dating methods are applied to a local sequence of 
deposits that differ in age but are similar in other char- 
acteristics, such as a sequence of glacial moraines or a 
flight of alluvial terrace deposits. Relative-dating meth- 
ods provide information on the magnitude of age differ- 
ences between stratigraphic units. If calibrated, rela- 
tive-dating methods can be used to estimate numerical 
ages. This normally requires calibration by numerical 
methods and an understanding of the process being 
measured and its relevant history (e.g., temperature, 
precipitation). The correlation methods do not directly 
yield a numerical age, but if a feature can be correlated 
with an event whose age is known, such as a volcanic ash 
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TABLE 13.1 Classification of Methods Applicable to Dating Active Tectonism" 

Numerical Methods Relative Doling Methods Correlation Methods 


1. Annual 

1. Historical records 

2. Dendrocronology 

3. Varves 


2. Radiometric 

4. Carbon-14 

5. Uranium series 

6. Polass-iurn-argon 

7. Fission track 


3. Other Radiologic 

8. Uranium trend 

9. Thermotumi- 
ncscence and 
electron-spin 
resonance 

10. Cosmogetllc iso- 
topes other than 
carbon-14 ( m Be, 
“Cl, “Al, and 
otliers) 


4. Simple Process 5. Complex Processes G. Correlation 


11, Amino-acid ra- 
cemizatlon 


IS. Soil development 
10. Hock and mineral 


12, Obsidian hydration weathering 


21. Stratigraphy 

22. Tephrochronology 

23. Puleomagnetistn 


13. Tephru hydration 

14. Lichcnometry 


17. Progressive landform^ ^ ^ g 

modification ' 

, D ^ ... . 25. Stable isotopes 

18, Deposition rate 


„ ,. ... 26. Tektites and micro. 

19, Geomorphic position , . i 

and incision rate 


20, Deformation rate 


"All methods listed ure briefly described in Table 13.2. Methods given in italics are discussed in the text, 


eruption or a paleomagnetic reversal, precise age con- 
trol can be obtained. 

A dating technique, whether it be primarily a numer- 
ical, relative-dating, or correlation method, may be 
converted to the other two categories of methods (Table 
13.1). For example, the relative-dating methods of 
amino-acid racemization or soil development can also 
serve either as local correlation techniques or, if cali- 
brated by numerical dating, as numerical techniques. 

Table 13.2 briefly summarizes 26 different dating 
methods noting their general applicability to studies of 
active tectonism, the age range of each method and the 
optimum accuracy within parts of this age range, and 
the basis of the method and the key problems in its use. 
The six columns (Table 13.1) are discussed in the next six 
sections. Beyond those given in Table 13.2 , the criteria 
for selecting individual methods for discussion include 
at least two of the following: (1) the method is particu- 
larly applicable to dating active tectonics, (2) the 
method provides a good illustration of the six general 
categories (columns of Table 13.1), and (3) the method 
has complexities or problems that merit discussion. 

After this manuscript was completed, two books on 
Quaternary dating methods became available (Maha- 
ney, 1984; Rutter, 1985). The reader interested in more 
extensive description and references to the literature 
may wish to consult these books. 

ANNUAL METHODS 

Annual methods (Table 13.1, column 1), generally 
accurate to the nearest year, provide the most precise 
dating of active tectonism. But excepting varve chronol- 
ogy, annual methods span too short a time interval to 
assess active tectonism, particularly in the western hem- 


isphere. Only limited use has been made of dendrochro- 
nology and varve chronology. 

In the western hemisphere, historical records of fault- 
ing are restricted to about 200 yr (Bonilla, 1967), Based 
on the long historical records of seismicity from China 
(3000 yr) and Japan and the Middle East (2000 yr), Al- 
len (1975, p. 1041) concluded that historical seismicity 
there shows “surprisingly large long-term temporal and 
spatial variations. The very short historical record in 
North America should, therefore, be used with extreme 
caution in estimating possible future seismic activity. 
The geologic history of late Quaternary faulting is the 
most promising source of statistics on frequency and lo- 
cation of large shocks.” 

RADIOMETRIC METHODS 

Because radiometric methods (Table 13.1, column 2) 
yield accurate numerical ages, samples for such dating 
are searched for in geologic studies of active tectonism. 
In many cases datable materials cannot be found. Addi- 
tionally, radiometric methods may be subject to major 
errors and should be evaluated in their geologic context 
by other methods that, although not as precise, will nor- 
mally be a valid indicator of the general age. 

Carbon-14 Dating 

Carbon-14 dating is generally the most precise and 
applicable numerical method for dating prehistoric 
faulting. Indeed, the chronology of the late Quaternary 
and particularly the Holocene (past 10 ka) is based on 
this method (for review, see Grootes, 1983) . The analyt- 
ical uncertainty is generally less than a few percent. 

Two applications of carbon- 14 dating to active tec- 
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TABLE 13.2 Summary of Quaternary Dating Methods and Their Applicability to Dating Active Tectonism 
(from Colman and Pierce, 1979) 


Method 

Applicability 

Age Runge and 
Optimum Resolution 

110 s 10 1 10‘ 10 s *10° 

Basis of Method and Remarks 

t . Historical records 

X to XXX 

| aaBBI tMH 

Requires preservation of pertinent records; applicability depends 
on quality and detail of records. Limited to several hundred 
years in western hemisphere. 

2. Dendrochronology 

XX 

tsczsassia 

1 I 1 

Requires either direct counting of annual rings back from 
present or construction of n chronology bused on vuriution In 
annual ring growth. Restricted to urcus where trees of the 
required age and (or) environmental sensitivity are preserved. 

3. Varvc chronology 

X 

"■»=====+ + + 

1 1 1 

R. ^uires either direct counting of varves back from present or 
construction of a chronology based on overlapping successions 
of continuous varved lake sediments. Subject to errors in 
matching separate sequences and to misidentlficallon of 
annual layers. 

4. Carbon- 14 

X to XXX 

r i 

Depends on availability of carbon. Based on decay of n C, pro- 
duced by cosmic radiation, to U N, Subject to errors due to 
contamination, particularly in older deposits and in carbonate 
material (such os mollusk shells, marl, soil carbonate). Sec 
text. 

5. Uranium series 

XX 

•* — *”++++“ 
i i i 

Used to date coral, mollusks, bone, cave carbonate, and carbon- 
ate coats on stones. Potentially useful in dating travertine and 
soil carbonate, A variety of isotopes of the U-deeay series are 
used including a30 Tii/ 211 U (most common and method de- 
scribed to left), a, U/”’ v ’U (with a range hack to 600,000 
yr), aal Pa/ 2W U (10,000-120,000 yr), U-Hc (0-2 m.y.), and 
““Ra/arh (<10,000 yr). Errors due to the lack of a dosed 
chemical system are a common problem, especially in mol- 
lusks and bone. 

6. Potassium-argon 

X 

— — +++++ 
i i i 

Directly applicable only to igneous rooks and glauconite. Re- 
quires K-bearing phases such us feldspar, mica, and glass. 
Bused on decay of 4 "K to '"Ar. Subject to errors due to excess 
argon, loss of argon, and contamination, 

7. Fission track 

X 

— — +++ 
i i i 

Directly applicable only to igneous rocks (including volcanic 
ash); requires uranium-bearing material (zircon, spliene, 
apatite, glass). Based on the continuous accumulation of 
tracks (strained zones) caused by recoiling U fission products. 
Subject to errors due to track misidenlificntion and to track 
annealing. 

8. Uranium trend 

XXXX 

ooc~ — 

1 ) 1 

Based on open-system flux of uranium through sediment and 
soil; “"U, “'U, lw Th, and ~ 1! Th must be measured on about 
five different samples from a given aged deposit and a isoch- 
ron constructed to determine age. 

9. Thormolumlnesccrice 
(TL) and electron-spin 
resonance (ESR) 

XXXX 

coo—— 

! 1 1 

Based on displacement of electrons from parent atoms by alpha, 
beta, and gumma rudiation. Applicable to feldspar and quart: 
in sediments and carbonate in soils. TL based on amount of 
light released as sample is heated compared with that released 
after known radiation dose. TL precision better than indicated 
for ceramics in 400- 10, 000-year range. 

10. Cosmogenic isotopes 
other than carbon-14 

X 

! 1 1 

Dating methods analogous to "C-dating are bused on the cosmo- 
gonic isotopes (half-life in hyears in parentheses) 32 SJ (300), 41 Ca 
(1.3 X 10 5 ), M C1 (3.08 X 10 5 ), SU A1 (7.3 X 10'), u, Be (1.5 X 
10°), 12) I (1.6 X 10 7 ), and s Mn (3.7 X 10"). Dating requires 
knosvlcdge of the generation rates, flux rates, and retention effi- 
ciency of the deposit dated. These radio-isotopes occur ir, very 
low abundances and are measured by accelerator moss spec- 
trometry, 
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TABLE 13.2 Continued 


Age Range and 
Optimum Resolution 


Method 

Applicability 

HP jlO 5 

10' 

10’ 

10 s Basis of Method and Remarks 

11. Amino acid 
raccmizution 

XX 




p . 111 i ljl . . i t n 1 1 r • I I 

1 

1 

1 ' 

from protein and subsequent inversion of their stereoisomers. 


Shells tend to be more reliable than bone, wood, or organic-rich 
sediment. Is strongly dependent on other variables, especially 
temperature and leaching history, Commonly used us a relative 
dating or correlation technique, but yields numerical ages when 
calibrated by other technitpies, 

12. Obsidian hydration X •« Based on thickness of the hydrated layer ulong obsidian crack or 

j | I surface formed during given event. Age proportional to the 

thickness squared. Calibration depends on experimental deter- 
mination of hydration rate or numerical duting. Subject to er- 
rors due to temperature history and variation in chemical com- 
position. 


13. Tephru hydration X 


ooooooo 1 


Requires volcunic ash. Based on the progressive filling of bubble 
cavities in glass shurds with water. Subject to the same limits us 
obsidian hydration, plus others, including the geometry of ash 
shards and bubble cavities. 


14. Lichenometry 


15, Soil development 


16. Rock and mineral 
weathering 


X to XXX 


XXXX ooooo 1 ”*** 


XX ooooo 1 


Requires exposed, stable rock substrutes suitable for lichen 
growth, Most common in alpine and urctic regions, where li- 
chen thullus diameter is proportional to age. Subject to error 
due to climatic differences, lichen kill, and misidentifioatlon. 
The limit of the useful range varies considerably with climate 
and rock type. 

Encompasses a number of soil properties that develop with time, 
all of which arc dependent on other variables in addition to 
time (parent materia), climate, vegetation, topography). Is 
most effective when these other variables are held constant or 
can be evaluated. Precision varies with the soil property mea- 
sured; for example, accumulation of soil carbonate locally 
yields age estimates within ±20 percent. 

tncludes u number of rock and mineral-weathering features that 
develop with time, such as thickness of weathering rinds, solu- 
tion of limestone, etching of pyroxene, grussificution of granite, 
and buildup of desert varnish. Has the same basic limitations as 
soil development. Precision varies with the weathering feature 
measured. 


17. Progressive landform 
modification 


18. Rate of deposition 


19. Geomorphic position 
and incision rate 


20. Rate of deformation 


XXX ooooooooo 


XX ? ? ? 


XXX oooooooo””*” -? — ?- 




In addition to time, depends on factors such as climate and lithol- 
ogy. Depends on reconstruction of original landform and un- 
derstanding of processes resulting in change of landform, in- 
cluding creep and erosion. 

Requires relatively constant rate of sedimentation over time inter- 
vals considered. Numerical ages based on sediment thickness be- 
tween horizons duted by other methods. Quite variable in allu- 
vial deposition. 

Geomorphic incision rates depend on stream size, sediment load, 
bedrock resistance to erosion, and uplift rates or other base-level 
changes. If one terrace level is dated, other terrace levels may be 
duted assuming constant rate of incision, 

Dating assumes deformation rate constant over interval of concern 
and requires numerical duting for calibration. At spreading 
centers and plate boundaries, nearly constant rates may be valid 
for intervals of millions of years. 
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TABLE 13.2 Continued 


Method 

21, Stratlgruphy 


22. Tephroehronology 


23. Puleomagnetlsm 


24, Fossils ami artifacts 


25. Stable isotopes 


26. Tektites and 
microtcktites 


Age Range and 
Optimum Resolution 

Applicability lit ) 3 I10 1 110' Ilf ) 1 |10" Basis of Method and Remarks 


xxxx 


X 


XX 


XX 


X 


X 


Based on physical properties and sequence of units, which includes 
superposition and inset relations. Depends on the establishment 
of lime equivalence of units: deposition of Quaternary units 
normally occurs in response to cyclic climatic changes, 

Requires volcanic ash (tephra) and unique chemical or petro- 
graphic identification and (or) dating of the ash. Very useful in 
correlation because an ash eruption represents a virtually In- 
stantaneous geologic event. 

Depends on correlation of remnant magnetic vector, which in- 
cludes polarity, or a sequence of vectors with a known chronol- 
ogy of magnetic variation, Subject to errors due to chemical 
magnetic overprinting and physical disturbance. 

Depends on the availability of fossils, including pollen, and arti- 
facts, Resolution depends on the rate of evolution or change of 
organisms or cullures and on calibration by other techniques. 
Subject to errors due to misidcntificaUon and interpretation. 

Depends on correlation of the sequence of isotopic chunges with an 
age-controlled master chronology. Oxygen isotopic record is 
useful in deep-sea and ice-cap cores and perhaps in cave de- 
posits, 

Depends on recognition and dating of glussy material (tektites) 
formed during impact of extraterrestrial masses. Tektites are 
scattered over large areas, such its the Austrula- Asian tektite 
field, formed about 700 ku. 


APPLICABILITY OPTIMUM RESOLUTION 


XXXX, nearly always applicable XX, often applicable =====^ <2 percent ••••••, 25-75 percent 

XXX, very often applicable X, seldom applicable +-H-H-+, 2-B percent oooooo, 75-200 percent 


8.25 percent 


tonism illustrate powerful applications of this method. 
Along the San Andreas Fault 55 km northeast of Los 
Angeles at Pallet Creek, about 50 carbon- 14 ages date 11 
episodes of faulting in the 1700 yr prior to the 1857 his- 
torical rupture and define an average recurrence inter- 
val of about 145 yr (Figure 13.2; Sieh, 1984). For the 
south Boso Peninsula of Japan, carbon-14 dating defines 
four stepwise uplifts of land relative to sea level in the 
last 7000 yr (Figure 13.3) . Shimazaki and Nakata (1980) 
concluded that the offset history supports a time-pre- 
dictable recurrence model; that is, the larger the 
amount of the coseismic slip, the longer the interval be- 
fore the next earthquake (Figure 13.3). 

Carbon- 14 ages may be in error by much more than 
the analytical uncertainty. Because of the extensive use 
of carbon-14 dating in studies of active tectonism, con- 
sideration should be given to the following three types of 
carbon-14 dating problems. 


Fluctuations in Atmospheric Carbon-14 Based on 
carbon-14 dating of tree rings whose absolute age is 
known, carbon-14 ages deviate from actual ages by 
amounts that are significant for some tectonic studies. 
For example, in the interval from 5000 to 8000 yr ago, 
earbon-14 ages are about 500-900 yr too young (Klein el 
a!., 1982). In the late Holocene, fluctuations in atmo- 
spheric carbon-14 introduce significant uncertainty in 
dating tectonic events (Figure 13.4). For example, a car- 
bon-14 age of 150 + 20 ya (years before AD 1950) only 
defines an age in the interval from 0 to 295 calendar 
years before AD 1950 (Klein el al., 1982, Table 2). 

Contamination with Old Carbon Independent of 
the age of the sample, the effect of contamination with 
old carbon is constant (Figure 13.5, upper left half). Re- 
gardless of whether a sample is 1 or 30 ka, incorporation 
of 10 percent “dead” carbon will make ages 800 yr too 
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Number of earthquakes before present 



FIGURE 13,2 Ayes of faulting evunts flutters) on Sun Andrcus Fuult 
at Pallet Creek (from Stall, 198-1) . Ages are based on about 50 earbun- 
14 dates and detailed trench mapping. 


old. Old carbon may contaminate a sample in two ways. 
First, detrital carbon, such as that from coal of pre-Qua- 
ternary age which contains no carbon- 14 or that from 
humic soil material which may have an age of several 
thousand years, may be incorporated in a sample. Sec- 
ond, plants and animals living underwater can incorpo- 
rate lower activity carbon from COo in the water either 
because the water is old or because it has bicarbonate 
from old rocks, For marine mollusks from the North At- 
lantic, the age of COo in ocean water increases ages by 
400 to 750 yr (Mangerud and Gulleksen, 1975) . 

Contamination with Young Carbon Contamina- 
tion with recent carbon can alter ages greatly. Samples 
whose ages are beyond the range of carbon dating {>75 
ka) that are contaminated with only half a percent of 
recent carbon will yield an age of about 40 ka (Figure 
13.5, lower right half) . Even the most exacting of analy- 
ses can be in error: a carbon- 14 enrichment age of 71 ka 
(representing only 0.014 percent of the original carbon- 
14 activity) was thought to date the Salmon Springs gla- 
ciation of northwest Washington State (Stuiver at al.. 


1978) until associated ash deposits were fission-track 
dated at 700 and 800 ka (Easterbrook et al., 1981). 

Contamination with younger carbon may be respon- 
sible for many of the finite curbon-14 ages in the 20- to 
70-ka range, Contamination of carbon samples with re- 
cent carbon produces effects that are not generally ap- 
preciated (Figure 13.5). Examination of this nonlinear 
effect also should provide u caution about assuming that 
“consistency" in age results necessarily is an argument 
for the validity of carbon-14 ages. For example, the con- 
sistency of many dates falling in the 25- to 40-ka range 
may only reflect contamination of samples older than 
about 50 ka with the equivalent of 0,5-2 percent of re- 
cent carbon (Figure 13.5). Several hundred carbon 
dates in the 25- to 40-ka range have been obtained from 
coastal deposits in the eastern United States. Many re- 
searchers (referenced in Bloom, 1983) have concluded 
that these samples date a mid-Wisconsin high stand of 
sea level, in part based on the apparent “consistency” of 
a large number of dates in this age range. After thorough 
analysis of this problem, Bloom (1983, pp, 215-218) 
concluded that these ages are invalid. Amino-acid ra- 
cemization studies on mollusks asssociated with samples 
yielding caron-14 dates in the 25- to 40-ka range also 
indicate that the carbon-14 dates are erroneously young 
(Belknap, 1984), 

Samples may be contaminated by in situ additions of 
younger carbon. Soil carbonate, mollusks, or corals are 
particularly susceptible to addition of young carbon, es- 
pecially when subject to repeated wetting or drying. 
Contamination by microorganisms incorporating 
young carbon may occur either before or after a sample 
has been collected, Marine cores stored for 5 yr were 
found to be contaminated by enough terrestrial bacteria 
to account for 5-10 percent contamination with modern 
carbon (Geyii et al., 1974). In-place contamination of 
samples is not well studied, but it may be possible if mi- 
crobial activity consumes COo from air or HCOjf from 
water with a higher carbon- 14 activity than the age of 
the sample. For example, methanogens participate in 
terminal stages of the degradation of organic matter, 
living on and presumably incorporating carbon dioxide 
and hydrogen produced by anaerobic bacteria into their 
tissue (see Maugh, 1977), 

Extra care should be taken in order to minimize con- 
tamination with recent organic material during sam- 
pling and sample preparation. In addition, samples 
should be examined for visible contamination, particu- 
larly by roots. Removing modern roots will not, of 
course, remove contamination caused by older, largely 
decayed roots. Common sample pretreatment before 
carbon- 14 dating removes base-soluble fulvie acids and 
acid-soluble humic acids, leaving a residue called 
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FIGURE 13.3 Four stepwise uplifts of the coast of the southern Boso 
Peninsula, Japan, determined by ubout 25 carbon-14 dates (from Shi- 
mozaki and Nakata, 1980). The open, half-closed, and closed circles 
indicate samples from above, near, and below the former sen level, 
respectively. Lower part of ffgureshows cumulative uplift versus time; 
line through corners of stairstep plot shows that uplift, inferred to be 
caused by coseismic faulting, conforms to a time-predictable model. 
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FICURE 13.4 Carbon-14 age as a function 
o! dendrochronological age for the pust 1000 
yr (from Stuiver, 1982). Note deviations from 
concordance line that have a 100-200-yr pe- 
riod. 



humin or humate. Such pretreatment is commonly em- 
ployed, but it does not remove all forms of contamina- 
tion by younger carbon. For example, dating studies 
by Goh ef al, (1977) have obtained ages as young as 
17,750 ± 2050 ya on humin from deposits whose “best” 
carbon-14 ages are more than 40,600 ya. 


Uranium-Series Dating 

The 230 Th/ £3 4U disequilibrium method is the most 
commonly used dating technique of the many based on 
the radioactive decay series of uranium (Table 13.2; 
Ivanovich and Harmon, 1982). Because uranium is 
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FIGURE 13.5 Unequal effects of contami- 
nation with recent and dead carbon on cur- 
lion- H ayes {from Crootes, 10R31. For con- 
laminution with dead carbon (.shaded area), 
effect is u simple ratio. But for samples with 
true ages older than a few tens of thousnndsof 
years, the apparent age can be dictated by 
only small amounts of contamination with re- 
cent carbon. 


much more soluble than thorium, materials precipi- 
tated from solution such as corals, mollusks, calcic soils, 
carbonate deposits in caves and fault zones, and fossil 
bones are greatly enriched in uranium with respect to 
thorium. This provides a system in which radioactive 
growth of ^"Th is a function of time until it reaches a 
steady-state relation with its parent “ W U. The most reli- 
able application of the method is to pure cave carbonate 
and to samples of corals in which the original aragonite 
is unaltered. For the time interval of 50 ka to about 300 
ka, age control for deformation of coastal areas is largely 
based on uranium-series dating of corals. 

For corals and cave deposits, uranium is incorporated 
in the sample at the time of deposition and, under ap- 
propriate conditions, the sample ucts as a closed system 
with respect to uranium. Dating problems generally 
result from migration of uranium after initial deposition 
or contamination with thorium in detrital material at 
the time of deposition. Living mollusk shells or bones 
contain only about a tenth of the uranium that becomes 
incorporated after burial. If ages are calculated on the 


basis of a closed system, the uranium in the sample 
should ideally have been introduced in a time interval 
that Ls short relative to the age of the sample, and none of 
this secondary uranium should have been leached away. 
If uranium is incorporated at later times in the history of 
the sample, the apparent Th/U age is too young. Con- 
versely, if uranium is leached during the later history of 
a sample, the apparent Th/U age is too old. Kaufman 
cl al. (1971) concluded that for samples of known age, 
“"Th/^'U dating of mollusks gave ages within their ana- 
lytical uncertainty no more than half the time. 

For active tectonism in semiarid and drier areas, 
23tiTh/23'U dating of carbonate may date fault move- 
ments. Soils may contain carbonate coats on the under- 
sides of stones that can date faulted alluvial surfaces. 
Along the Arco fault scarp in central Idaho, a surface 
vertically offset about 19 m by faulting has 1-cin-thick 
carbonate coats that can be subdivided into outer, mid- 
dle, and inner parts (Pierce, 19S5). Analyses of both the 
soluble (carbonate) and insoluble (detrital residue) frac- 
tions from these layers yield ages as shown in Figure 13,6 
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FIGURE 13.6 Three strati^raphicully consistent S3n Th/ J,l U ages 
from 11 stratified ciirhomite co*.: , This plot of ugi; versus thickness de- 
fines an aye of about 160 ka for an alluvial fan surface offset about 10 in 
along the same range-front fault, but 50 km smith of the part offset 
during the 1083 Borah Peak earthquake, central Idaho, iln Thf ll 'U 
Isochron ages from Szabo and Hosholl (1082, Figure 10.5) are plotted 
at midpoint of sampled layer. The carbonate coals form on the under- 
side of stones in the soil on an alluvial fan. 


(Szabo and Rosholt, 1982). These ages are stratigraphi- 
cally consistent and indicate a time span of 160 ka for 19 
m of offset and a long-term slip rate of about 1 m/ka. 

Pa tasui um-Argon Dating 

The potassium-argon (K-Ar) method is limited in its 
applicability to dating active tectonics by its primary 
use with igneous rocks and general lack of resolving 
power for rocks younger than a few tens of thousands of 
years. Nevertheless, most of the correlation methods 
(Table 13.1, column 6) and calibration of many of the 
relative-dating methods (Table 13.1, columns 4 and 5) 
depend on K-Ar dating for their age control. More im- 
portant to the study of active tectonism, both the pa- 
leomagnetic time scale, which was critical in establish- 
ing the theory of plate tectonics, and the relative rates of 
plate motions are largely based on K-Ar dating. 


Fission-Track Dating 

Fission-track dating is generally limited to rhyolitic 
volcanic rocks older than about 100 ka and is commonly 
better man the K-Ar method for dating volcanic ash. 

Fission-track dating cun also be used in areas of high 
relief and rapid uplift to estimate long-term rates of up- 
lift. Because fission tracks in apatite anneal if warmer 
than ubout 120°C, fission-track detingof apatite deter- 
mines the time a rock has been below this temperature 
and consequently at relatively shallow depths. If the 
geothermal gradient is known, the rate of uplift and ero- 
sion of a mountainous area can thereby be determined, 
Using this method, Naeser et al, (1983) estimated that 
the late Cenozoie rate of uplift of the Wasatch Moun- 
tains has averaged 0.4 m/ka over the past 10 Ma (million 
years) . 

OTHER RADIOLOGIC METHODS 

Other radiologic methods (Table 13.1, column 3) in- 
volve radioactive processes but may also depend on 
other nonradioactivc processes that must be either esti- 
mated or accounted for by calibration using oilier nu- 
merical methods, 

Tlwrmoluminescence (TL) and 

Elect 'ron-Spin-Resonance (ESH) Dating 

Thermoluminescenee (TL) dating (Wintle and 
Huntley, 1982) may be widely applicable to dating ac- 
tive tectonics, but the method has been used rarely in tile 
United States. Owing Lo the effects of radiation, many 
minerals emit light when progressively heated, and the 
changing intensity of light emission yields u glow curve. 
A starling point for buildup of TL can be the time of 
crystallization of carbonate in a soil, the growth of a 
shell, the firing of a ceramic, the eruption of a lava flow, 
or the time of burial after exposure to sunlight. The glow 
curve becomes stronger the greater and longer the radia- 
tion exposure. The flux of radiation is related to the 
modern content of uranium, thorium, and potassium, 
The response of the dosimeter grains is calibrated by ar- 
tificial irradiation (alpha, beta, and gamma) and mea-, 
surement of the induced glow curves. Several hours of 
exposure to sunlight “zeros” the TL in grains of quartz 
and feldspar, which are nearly ubiquitous in surficial 
deposits. Thus, many surficial deposits offset by faulting 
are potentially datable by TL, 

Because water adsorbs some of the gamma radiation, 
the amount of water present over the history of the sam- 
ple needs to be measured or estimated and its effect on 
the in situ sample calculated. Also, radiogenic isotopes 
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are assumed not to have been added to or leached from 
the sample. Wintle and Huntley (1982) listed criteria for 
evaluating TL dates of sediment and discussed problems 
that merit further research. 

TL dating of loesses has yielded reasonable results. 
Late Pleistocene loess in Germany yielded TL ages that 
are stratigraphically consistent and concordant with 
carbon-14 ages of an associated ash (Wintle and Brun- 
nacker, 1982; Figure 13.7). 

Electron spin resonance (ESR) dating is similar to TL 
dating in that a mineral acts as a dosimeter for local ra- 
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FIGUHE J3.7 Therinotumincsccncc(TL) dating ofloess deposits in 
West Germany showing that the TL ages are both stratigraphically 
consistent and concordant will) existing carbon- 14 ages on the volcanic 
ash that was dated elsewhere (redrawn from Wintle and Brunnucker, 
1982). 


diation, but differs in the feature measured and the 
method of measurement. ESR dating of corals from ma- 
rine terraces of Japan yielded results in good agreement 
with carbon-14 (2-4 ka) and ^Th/^'U (40- >200 ka) 
dating (Ikeya and Ohmura, 1983). 


Uranium-Trend Dating 

Uranium-trend dating is an isochron-type method for 
dating Quaternary sediments and soils (Rosholt, 1980; 
Szabo and Rosholt, 1982). Rather than requiring a 
closed system as do most uranium-series methods, this 
method depends on a flux of uranium (mostly 238 U) 
through sediments and the consequent embedding of re- 
coil products 234 U and 230 Th in the sediments. The 
method can be used on almost all sedimentary materials 
and has produced generally reasonable ages (Rosholt, 
1980). The calibration of the method initially depended 
on ages determined by other methods, but ages can now 
be calculated using the established calibration. The 
method is expensive, requiring determination of ^U, 
23qj, anc j n 2 Th £ or fj ve or more samples from a 
given deposit. Although widely applicable, the method 
has so far experienced limited use because of its newness, 
complexity, and cost. 


Cnsmogenic Isotopes Other Than Carbon-14 

Similar to carbon-14, several other radiogenic iso- 
topes are generated by cosmic-ray bombardment and 
may be useful in tectonic studies. Dating rationales exist 
for 32 Si, ,fl Ca, 30 C1, 2(I A1, '"Be, 123 I, and S3 Mn, which are 
analyzed by accelerator mass spectrometry (half-lives 
given in Tabic 13.2). 

Beryllium-10 is produced by cosmic-ray bombard- 
ment and is carried to the Earth’s surface by rain and 
dust. Pavich et al. (1984) showed that I0 Be is adsorbed 
onto clays in soils and systematically increases in abun- 
dance with soil age for at least the first 100 ka of soil 
development. More research is needed to evaluate this 
method for datingsurface and buried soils. 


RELATIVE-DATING METHODS, SIMPLE 
PROCESS 

These methods (Table 13.1, column 4) do not depend 
on radiogenic processes but are based on relatively sim- 
ple chemical or biological processes whose rates are re- 
lated to controlling variables such as temperature and 
chemical composition or species effects. 
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Obsidian-Hydration Dating 

Obsidian hydration has been used to date the last two 
glaciations in the Rocky Mountain region (Pierce et al., 
1976). If temperature and chemical composition are 
constant, hydration thickness increases proportional to 
the square root of time. Figure 13.8 shows the increase 
in hydration with time as determined by the hydration 
thicknesses of two K-Ar-dated rhyolite flows and car- 
bon-14-dated recessional deposits. The deposits of the 
next to last, or Bull Lake, glaciation date at about 140 ka 
(Pierce et al. , 1976) . This age for the Bull Lake glacia- 
tion is about 5 times older than the age considered cor- 
rect 20 yr ago. The importance of the dating at West 
Yellowstone to studies of active tectonism is that these 
ages can be inferred for many deposits throughout the 
western United States if they can be correlated with 
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FIGURE 13.8 Obsidian-hydration dating of the Pinedale and Bull 
Lake Glaciations near West Yellowstone, Montana (from Pierce et al, , 
1976). Dashed line shows increase in hydration thickness with age 
based on hydration thickness measured on deposits dated by K-Ar or 
1< C methods. Above histograms, short lines with dots are means and 
standard deviations of hydration-thickness measurements, some of 
which are offset (small arrows) to account for small temperature dif- 
ferences between localities. 


those at West Yellowstone on the basis of criteria such as 
soil development, morphologic changes, and weather- 
ingrinds (see Figure 13.9). 

Amino Acid Racemizalion 

Amino acid racemization (and epimerization) has 
provided important age information for deciphering 
late Quaternary deformation along the West Coast of 
the United States (Lajoie, Chapter 6, this volume). Be- 
cause racemization rates for a given species depend on 
temperature and a kinetic model (Wehmiller, 1982), the 
method works best if calibrated by numerical methods. 
On the California coast, uranium-series dating of corals 
has provided a few calibration points, but even with this 
calibration the amino acid ratios on mollusk samples did 
not allow distinction between three global sea-level cul- 
minations known from elsewhere to date at about 80, 
95, and 125 ka. The problem of distinguishing these 
three high-sea stands has been resolved by combined 
studies using amino acid and uranium-series dating, 
temperature gradients along the coast, and paleontolog- 
ical identification of cool (oxygen isotope substages 5a or 
b) and warm (substage 5e) faunas (Lajoie, Chapter 6, 
this volume). 

RELATIVE-DATING METHODS, COMPLEX 

PROCESSES 

This group of dating methods includes some of the 
most widely applicable methods (Table 13,1, column 
5). Numerical ages can be empirically estimated by 
these methods. Rigorous evaluation of these complex 
methods would require modeling of each process and 
quantification of their relative effects. Nevertheless em- 
pirical quantification has been done, and some age esti- 
mates based on these methods (Table 13.1, column 4) 
may be more reliable than, if not so precise as, some 
carbon-14 ages. 


Rock and Mineral Weathering 

Rock and mineral weathering (Table 13,1, column 5) 
includes such relative-dating techniques as mineral 
grain etching, seismic velocities in weathered stones, 
pitting on stone surfaces, and weathering rinds. 

Weathering rinds on basaltic and andesitic stones 
from the B horizons of soils have yielded age informa- 
tion on middle and late Quaternary deposits at seven 
different areas in the western United States (Figure 
13.9; Colman and Pierce, 1981). Multiple measure- 
ments of rind thicknesses from a given stratigraphic unit 
are consistent; and, for a succession of deposits, rind 
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FIGURE 13,9 Use of weathering rinds to 
date and correlate glacial deposits in seven 
areas in the western United States. As shown 
by decreasing curvature of lines, rind thick- 
ness is assumed to increase logarithmically 
with time (from Colman and Pierce, 1984). 
Open circles are far deposits independently 
doted at West Yellowstone and for deposits 
correlated on basis of soils and other criteria 
with 140,000-yr-otd deposits at West Yellow- 
stone, Solid circles are for other glacial de- 
posits plotted on the appropriate curve ac- 
cording to their rind thickness. 


thickness increases with stratigraphic age. Local cali- 
bration by numerical dating indicates that rind thick- 
nesses increase logarithmically with time. Based on a 
logarithmic increase in rind thickness and on the as- 
sumption that deposits with a certain relative moraine 
form and degree of soil development correlate with de- 
posits of the Bull Lake glaciation at West Yellowstone 
(oxygen-isotope stage 6), ages can be estimated for all 
the deposits in seven glacial successions in the western 
United States. Deposits representing isotope stages 2 and 
6 apparently are present in all areas sampled, but mo- 
raines representing stages 3 and 4 were apparently oblit- 
erated in many areas by glaciation during stage 2 (Fig- 
ure 13,9). 

Recent developments in the study of dtrert varnish 
suggest that systematic changes in varnish properties, 
such as decreasing ratios of leachable cations to manga- 
nese, occur with time (Dorn, 1983). With local calibra- 
tion, age estimates on faults in desert environments may 
be obtained by this method. 

Soil Development 

On land, soil development is nearly always pertinent 
to estimating the age of deformation. Soil development 
is a function of climate, parent material, organisms, to- 
pography, and time. If all the factors other than time 
can be held constant, the effect of time on soil develop- 
ment can be isolated and used to calibrate soil develop- 
ment with time at other sites. 


Recently, Harden (1982) devised the soil “Profile De- 
velopment Index” based on quantification of standard 
field descriptions of soils, including such features as 
color, clay content, texture, and soil-horizon thickness. 
Each of 10 or so soil properties is objectively quantified 
for each soil horizon on a scale that goes from zero to the 
maximum observed development. For the Merced, Cal- 
ifornia, area, an individual soil property such as rubifi- 
cation (reddening and brightening of soil colors) shows a 
progressive increase with time from 100 yr to more than 
1 m.y. (rubification, Figure 13.10A). The Prof ile Devel- 
opment Index (Figure 13.10B) combines several soil 
properties such as texture, pH, dry consistence, and soil 
structure and shows the cumulative effect of the devel- 
opment of many soil properties with time. Dating by 
this soil Profile Development Index is improved by using 
only soil properties that show the highest correlation 
with age (see Index of four best properties, Harden and 
Taylor, 1983). 

Although calibration of soil Profile Development In- 
dex with age is bast restricted to local areas where cli- 
mate and parent material are the same, soils from four 
different areas of the United States appear to show simi- 
lar Profile Development Index values with increasing 
age (Figure 13. 10C), The soil Profile Development In- 
dex should prove useful in estimating ages of deforma- 
tion, for it is based on readily describable field proper- 
ties, provides an objective numerical basis for 
comparison between soils, and eliminates the need for 
subjective estimates of a soil’s “development.” 
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FIGURE 13.10 Increase in soil develop- 
ment with time (from Harden, 1982; Maiden 
and Taylor, 1983). A, one soil property (rubi- 
fication) in Merced, California, area, B, Soil 
Profile Index based on multiple properties in 
Merced area. C, Soil Profile Index for climati- 
cally different areas, Numbers indicate the 
number of points that plot in one place. 
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Some individual soil properties can be measured to 
estimate age. Such properties include increases in clay 
(Levine and Ciolkosz, 1983; Reheis, 1984; Pierce, 
1979), secondary carbonate (Machette, 1978), second- 
ary gypsum (Reheis, 1984), and secondary iron oxides 
(McFadden, 1982) as well as major-element chemistry 
(Harden and Taylor, 1983, Reheis, 1984). These mea- 
surements of changes are for an individual process and 
are like the simple-process, relative-dating methods 
(Table 13.1, column 4) but are discussed here because 
they are a component of soil development. 

On the downwind and downthrown side of a fault 
offsetting a flat, former basin floor of the Rio Grande 
rift. New Mexico, fault movements were rapidly fol- 
lowed by deposition of eolian sand. During stable pe- 
riods, five different calcic soils developed on these eolian 
sands and were subsequently buried (Figure 13. 11). The 
time taken to form each soil is based on the total pedo- 
genic CaC0 3 (g/cm 2 -soil column) divided by the accu- 
mulation rate of pedogenic CaC0 3 determined from the 
500-ka surface soil on the upthrown side of the fault. 
The deposit thickness indicates fault offset, whereas the 
amount of pedogenic CaC0 3 indicates the interval be- 


tween fault episodes (Figure 13.11). The deformation 
history inferred from this information (Figure 13.12) 
shows an apparently decelerating rate of faulting. 

Progressive Landform Modification 

Recognition of active tectonism commonly depends 
on detection of landforms created or modified by defor- 
mation, which is the subject area of tectonic geomor- 
phology. To the trained eye, tectonic landforms tell 
much about the degree of tectonic activity, and new 
quantitative methods are making tectonic geomorphol- 
egy a more exact science (Keller, Chapter 8, this vol- 
ume). The effects may be subtle, such as alterations of 
river courses and gradients (Schumm, Chapter 5, this 
volume) or dramatic, such as bold, mountain-front es- 
carpments (Keller, Chapter 8, this volume). 

Geomorphic modification of fault scarps is particu- 
larly important to studies of active tectonism (Wallace, 
1977; Nash, Chapter 12, this volume; Keller, Chapters, 
this volume). As with soils, the environmental variables 
such as lithology, climate, and vegetation need to be 
held constant or accounted for otherwise. 
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PERCENT C s CUMULATIVE SECONDARY CaCOa, 
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AGE (x1(Pyrs) 

FIGU RE 13.11 Dating of fault- related buried soils based on the ac- 
cumulation of carbonate in calcic soils near Albuquerque, New Mexico 
(from Machette, 1978). 


CORRELATION METHODS 

If a feature can be correlated with an event of known 
age, reliable and precise age control can be obtained. 
Methods such as those listed in Table 13.1 (column 6) 
may provide accurate numerical dates or exact correla- 
tion between deformed areas. 

Stratigraphy 

Stratigraphy, including lithologic characteristics and 
the sequence of units, is basic to understanding the his- 
tory of active tectonism. In surficial geology, the se- 
quence of units may not be based on superposition but 
on geomorphic relations such as a sequence of succes- 
sively lower and younger stream terraces. The origin of 


deposits also may be important in understanding the 
stratigraphy of surficial deposits. If the age of a unit can 
be determined in one place, '.hat age can be applied to 
correlative units or be used to provide age constraints for 
sequentially younger or older units. Many surficial geo- 
logic units are causally related to the cycles of climatic 
change that characterize the Quaternary, such as suc- 
cessions of glacial till, sequences of loess separated by 
buried soils, and sequences of marine or alluvial ter- 
races. 

Numerical dating control is normally obtainable only 
at scattered localities, and extension of this dating con- 
trol to sites of deformation depends on stratigraphic cor- 
relation over distances of tens to even hundreds of kilo- 
meters. The age of stratigraphic units in Quaternary 
geologic successions is the subject of much current re- 
search. Such research addresses many unresolved dating 
problems, results in new and commonly significantly re- 
vised ages, and leads to development of new strategies 
for obtaining ages. Studies centered on stratigraphy of- 
fer the best method to check a given dating technique 
through comparison with other age information from 
related stratigraphic units. Thus, although laboratory 
and numerical analyses are important in obtaining ages, 
stratigraphic work based on field studies is fundamental 
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FIGURE 13.12 Fault offset versus time ns determined by accumula- 
tion of soil carbonate in buried soils near Albuquerque, New Mexico 
(drawn from data in Machette, 1978), 
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in judging the reliability of these ages and relating ages 
to deformation of stratigraphic units. 

Teph rochron ologtj 

A volcanic ash can provide a time-parallel marker 
whose age is as accurate as the best dating either at any 
of its occurrences or of the correlative volcanic rocks in 
its source area. Recognition of a given ash bed should be 
based on multiple criteria, especially the petrography 
and chemistry of the glass and phenocrysts, as well as 
stratigraphy, paleomagnetism, paleontology, and ra- 
diometric dating (Westgate and Gorton, 1981). 
Tephrochronology has proved of great value in dating 
active tectonics. For example, in southern California 
deposits containing the 0,7-Ma Bishop ash are laterally 
offset about 6,6 km on the San Jacinto Fault (Sharp, 
1981), and deposits containing 0.6-, 0.7-, and 1.2-Ma 
volcanic ashes are uplifted and tilted along the Ventura 
Fault (Yeats, Chapter 4, this volume). Tephrochronol- 
ogy is also important in calibrating other relative-dating 
and correlation methods, such as soil development, ura- 
nium-trend dating, amino-acid racemization, thermo- 
luminescence dating, and dating of faunal boundaries, 
These calibrated methods can then, in turn, be used to 
date active tectonism. 

Improvements in tephrochronology have led to major 
revisions in Quaternary stratigraphy and age assign- 
ments. In the 1960s, the Pearlette ash (known present 
distribution from California to Iowa) was considered to 
be of a single age, and the stratigraphy and paleontology 
of older Quaternary deposits all the way from the mid- 
continent to the Rocky Mountains were founded on the 
assumption that the Pearlette ash represented one erup- 
tion of late Kansan age. Careful petrographic and 
chemical study of the Pearlette ash has shown that it 
actually includes ashes from three different and distinct 
eruptions from the Yellowstone area that differ in age by 
a factor of 3 (Huckleberry Ridge ash, 2 Ma; Mesa Falls 
ash, 1.2Ma; and Lava Creek ash,0.6Ma; Izett, 1981). 

Paleomagnetism 

The orientation of the Earth’s magnetic field is re- 
corded by the orientation of magnetic minerals at the 
time of deposition of many fine-grained sedimentary de- 
posits. Dating control can be obtained if the pa- 
leomagnetic record determined from a sequence of late 
Cenozoic sediments or volcanic rocks can be correlated 
with the established paleomagnetic polarity time scale 
(Mankinen and Dalrymple, 1979; see Barendregt, 1981, 
for a review) . For example, the change from the Matuy- 
araa Reversed-Polarity Chron to the present Brunhes 


Normal-Polarity Chron occurred about 730 ka. This 
change provides a global datum for the assessment of 
long-term tectonic rates and calibration of relative-dat- 
ing methods. 

The established polarity time scale also dates the age 
of the ocean floor atward from the ocean-ridge spread- 
ing centers. The rates of movement of crustal plates 
away from these spreading centers is based on the age 
and width of the normal and reversed polarity stripes of 
the ocean floors. 

Within the Brunhes Normal-Polarity Chron, poten- 
tial age control may be provided excursions or reversed- 
polarity subchrons that lasted a few thousand years; 
about five such events have been suggested. In addition, 
secular i nation in the geomagnetic field with periodic- 
ities of thousands to tens of thousands of years may pro- 
vide a basis for local correlation and dating. The record 
of secular variation is best studied in lacustrine and 
other environments of continuous fine-grained sedi- 
ment deposition. Such sediment dated by pa- 
leomagnetic criteria may also record sediment deforma- 
tion associated with nearby earthquakes. 

Fossils and Artifacts 

Fossils have been of limited value in dating young de- 
posits because the amount of Quaternary evolutionary 
changehas been small. Some organisms, such as the rap- 
idly evolving microtine rodents, do show several 
changes each million years and can therefore be of great 
value in estimating long-term deformation rates. An ex- 
ample of dating active tectonics comes from east of San 
Francisco Bay where the Verona Fault offsets Liver- 
more Gravel and is mapped within 60 m of the General 
Electric Test Reactor at Vallecitos (Herd, 1977). The 
age of this faulted gravel was poorly known until it was 
dated using small mammal faunas as about 500 ka 
(C. A. Repenning, U.S. Geological Survey, personnal 
communication, 1984). 

The cyclic climatic changes of the Quaternary Period 
resulted in cyclic changes in plant and animal popula- 
tions. Such plant or animal changes also provide a basis 
for dating active tectonism. For example, pollen assem- 
blages representing climate considerably colder than 
at present may be used to infer a pre-Holocene age 
(>10ka). 

WHY DATING SPANNING DIFFERENT TIME 

INTERVALS IS NEEDED 

Geologic prediction of future deformation requires 
enough dating control to understand if and how defor- 
mation has changed through time. For most active tec- 
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tonism, we know little about whether strain rates are 
uniform through time. Even with the simplifying as- 
sumption that strain and long-term slip rates are uni- 
form, a fault scarp with evidence of recent movement 
can yield dramatically different predictions: (1) if the 
slip rate is . r ast, future movements are likely soon, or (2) 
if the slip rate is slow, future movements are unlikely 
soon. 

Spreading rates at oceanic ridges and movement rates 
of crustal plates appear to be rather constant over the 
planning intervals of concern to man and his activities. 
Consequently, constant strain rates may be appropriate 
for some major tectonic features. For many individual 
faults, however, this assumption is probably not valid. 
Even for some faults in the boundary zone between 
crustal plates, slip rates have changed greatly. On the 
San Jacinto Fault southeast of Los Angeles, the slip rate 
for the past 730 ka has averaged about 9 mm/yr, 
whereas the rate between 0.4 and 6 ka averaged about 
one-fifth that (Table 13.3; Sharp, 1981). These large 
differences in rate may have resulted from differential 
movements between the Pacific and American plates 
being localized at times on the San Jacinto Fault and at 
other times on the nearby San Andreas Fault (Sharp, 
1981). 

On a fault in the Rio Grande rift near Albuquerque, 
New Mexico, the rates of deformation have decelerated 
over the last 400 ka. Recurrence intervals on this fault 
are quite long, averaging more than 100 ka (Figure 
13.12). 

For the total Basin and Range province encompassing 
the 700-km distance between the crests of the Wasatch 
Mountains of Utah and the Sierra Nevada of California, 
the overall rate of extension may be relatively constant. 
But Holocene and historical activity in the Basin and 
Range is spatially clustered in zones. Holocene tectonic 
events ( M, about 7 or larger) define an eastern and west- 
ern zone; these zones are separated by a zone about 300- 
km wide encompassing the Nevada-Utah border in 
which no late Quaternary scarps are recognized (Wal- 
lace, 1981). 

Grouping of events in time may also occur. Some seg- 
ments of the Wasatch Fault zone have had three or more 


TABLE 13.3 Variable Slip Rates Through Time, San 
Jacinto Fault, Southern California (from Sharp, 1981) 



Slip Rate 

Change in Slip Rate 

Time Interval 

(mm/yr) 

Through Time 

0-400 

3.9 ± 1.1 

Twofold increase 

400-6000 

1.7 ± 0.3 

Fivefold decrease 

0-730.000 

St, 



Holocene (last 10 ka) offsets and exhibitslip rates during 
the Holocene of 1.3 + 0.1 m/ka, yet other sections of the 
Wasatch Fault zone have not been active in the Holo- 
cene (Schwartz at al., 1983). In addition, based on fis- 
sion-track annealing ages, the uplift rate of the Wasatch 
Mountains for the past 10 Ma has been about one-third 
the Holocene rate, or about 0.4 m/ka (Naeser el ah, 

1983) . Work in progress on deposits as old as 250 ka 
sheds light on the meaning of these rates (Machette, 

1984) . As dated by calcic-soil development, the slip rate 
has been on the order of 1 m/ka during the last 5 ka; this 
rate appears to have been more than 5 times greater 
than that over the past 250 ka, suggesting variable slip 
rates and temporal grouping of fault offsets (Machette, 
1984). 

Rates of fault slip or other deformation are dependent 
on both the deformation pattern through time and the 
time window of observation. To illustrate this point, 
Figure 13,13 shows the effect of short, medium, and 
long time windows on the slip rates for five patterns of 
deformation: accelerating, constant, decelerating, epi- 
sodic-quiescent, and episodic-active. For convenience, 
the deformation patterns are shown as systematic, and 
the deformation rates are arbitrarily set at 1 for the long- 
est interval. Depending on the time window, deforma- 
tion rates for each pattern may differ by more than an 
order of magnitude. Also, although the long-term rate is 
arbitrarily set at 1, the short interval has rates that differ 
by more than 2 orders of magnitude (Figure 13.13B), 

Deformation rates determined for differing time in- 
tervals will contribute to an understanding of deforma- 
tion patterns through time in different tectonic settings. 
Few fault histories such as those shown by Figures 13.2, 
13.3, and 13.12 have been determined. Deformation 
histories like that shown by lines for episodic-active and 
episodic- quiescent (Figure 13.13) have not been well 
documented, but, as discussed previously, some evi- 
dence suggests that these patterns of deformation have 
occurred. 

Only by understanding the history of a fault can we 
better understand what can be expected in the future. 
Consequently, the deformation history needs to be der 
fined by multiple dates. The simplifying assumption 
that tectonic events such as rates of faulting or rates of 
uplift are constant may be useful as a first approxima- 
tion, but this assumption may be quite misleading in 
some tectonic environments. Few fault histories are well 
enough dated to know in what cases the assumption of 
constant slip rate is valid and in what cases it is not. By 
detailed documentation, we can construct predictive 
models appropriate to a given tectonic setting. If move- 
ments on a given fault are grouped in time, or if faults in 
an area alternate in activity, concepts such as constant 
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AGE 



FIGURE 13.13 A, five patterns of fault off- 
set versus time. B, contrasting slip rates for 
these five patterns over short, medium, and 
long intervals of time. Slip rates are In arbi- 
trary distanee/timu units, and long-term de- 
formation for all patterns has been arbitrarily 
set at 1. 


B PATTERN 


INTERVAL 



Long * 

Medium 

Short 

Accelerating 

1 

3 

4 

Constant 

t 

1.6 

5 

Decelerating 

1 

0.3 

<.1 

Episodic, quiescent 

1 

0 

0 

Episodic, active 

1 

1.4 

14 


* Long-term rate arbitrarily set at 1 


slip rate or constant recurrence intervals would be, of 
course, quite misleading. 

Thus, sufficient dating related to deformation histo- 
ries is required to understand the character of faulting in 
different tectonic settings and thereby to anticipate 
more intelligently the future deformation over time in- 
tervals of concern to man. Dating of a single fault his- 
tory without concern for related faults may be examin- 
ing too small a component, for relatively constant 
tectonic activity may be unevenly distributed among a 
group of faults. 

The definition of rates and knowledge of the con- 
stancy or variation of these rates through time permit 
quantitative ranking of tectonic activity, both for the 
purposes of scientific understanding and hazard assess- 
ment. 

DATING METHODS IN FUTURE RESEARCH 

ON ACTIVE TECTONISM 

All the dating methods discussed (Tables 13.1 and 
13.2) have importance to studies of active tectonism. In 


the last decade, much improvement, refinement, and 
evaluation of the reliability of these methods have been 
associated with studies of active tectonism. 

Because experimental methods such as 3B C1 and 20 A1 
are numerical and based on radioactive decay, some 
may consider such methods the most promising for fu- 
ture advances. But such methods also involve assump- 
tions concerning nonradiometric processes — one as- 
sumes that the isotope measured both accumulated at a 
known rate and no subsequent leaching has occurred. 
These nonradiometric factors are difficult to evaluate 
rigorously and hav e similarities with, for example, the 
extremely complex process of soil development. For ex- 
ample, "'Be accumulation in soils is influenced by the 
clays in the soil, which generally increase in quality and 
may change mineralogically as the soil develops. The 
recent quantification of soil development using the Pro- 
file Development Index, as well as analyses of changes in 
individual soil components such as soil carbonate or 
clay, can provide useful but not precise dating control; 
soil development is nearly always applicable to the dat- 
ing of active tectonism. 
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Because of their nearly universal applicability, ther- 
moluminescence and uranium-trend dating of sedi- 
ments are promising methods for dating deformation, 
especially in the 10'- to 10°-yr range. Compared to this 
potential, research by laboratories on these methods and 
application to active tectonics have been limited. 

Carbon-14 dating is the most important method in 
the range of about 30,000 yr to the present. Research 
using current methods of organic chemistry may help to 
resolve problems with the method and the mechanisms 
of contamination. Even before sample collection, mi- 
crobes may have lived in organic material and incorpo- 
rated younger carbon from the surrounding water or 
air. Important carbon-14 samples might be quantita- 
tively examined for such microbes and other potential 
contaminants to estimate the importance of their effect, 
as was done by Geyh et al. (1974). 

Carbon-14 dating using accelerator mass spectrome- 
try permits the dating of milligram-sized samples 
(Grootes, 1983). If only small samples are present, this 
offers obvious advantages, but contamination within, 
for example, an individual grain of charcoal, may still 
be present. Special organic concentrates in combination 
with accelerator dating may offer real improvements. 
For example, a whale bone sample from northern 
Alaska has been carbon-14 dated, but considerable 
question remains about the reliability of the ages (D. L. 
Carter, USGS, personnal communication, 1984). Be- 
cause one amino acid is common in bone but not in the 
likely contaminating materials, dating of this amino- 
acid sample may provide a reliable carbon- 14 age. The 
amino acid concentrate will be small, requiring dating 
by accelerator mass spectrometry. 

In the quest for better dating of active tectonism, the 
importance of local, time-calibrated stratigraphies 
should not be underestimated. Datable materials are 
commonly not found where a given stratigraphic unit is 
offset but may be found elsewhere in that stratigraphic 
unit. Because the stratigraphy of many Quaternary de- 
posits reflects the cycles of climatic changes, the ages of 
faulted or uplifted datums can be inferred if relations 
between stratigraphic units and climatic cycles are 
known. Study of active tectonism and Quaternary 
stratigraphy should proceed together also because evi- 
dence of tectonism and climatic change is commonly 
similar. For example, gravel deposition may result from 
uplift, from climatic change, or from both uplift and 
climatic change. 

In conclusion, knowledge of active tectonism of a 
given area progresses as both the amount and age of de- 
formation are determined. Such knowledge commonly 
develops by documenting first the age and amount of 
the most recent movement; second, the history of the 
last several movements; third, deformation over con- 


trasting time intervals, including long intervals; and 
last, the relation between the dated deformations on as- 
sociated faults. 

Dating control is commonly the limiting factor in un- 
derstanding active tectonism. Normally, several dating 
methods need to be used because of (1) the limited range 
of a given technique, (2) the presence of appropriate 
materials, and (3) the need to check the reliability of any 
given dating technique by using another method. For 
studies of a fault segment, for example, dating control 
for Holocene activity can be determined by carbon-14, 
and studies of surface and buried soils can be made to 
provide dating control in the 10' 1 - to 10 s -yr range as well 
as to provide a check on the reasonableness of the car- 
bon-14 dates. Tables 13.1 and 13.2 list 26 methods. De- 
velopment or refinement of the methods, particularly 
those listed in columns 3 to 6 of Table 13.1, has ad- 
vanced greatly in the past decade, in part because of the 
impetus to date active tectonics. With continued effort, 
comparable advances are possible in the future. 
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INTRODUCTION 

Where? When? How large? These are the most fre- 
quently asked questions in evaluating seismic hazards, 
The ability to answer these, whether estimating a maxi- 
mum earthquake, the amount of potential surface dis- 
placement on an active fault, or the probability of ex- 
ceeding a particular level of ground motion, rests on the 
ability to recognize and characterize seismic sources 
Seismic source characterization is the quantification of 
the size(s) of earthquakes that a fault can produce and 
the distribution of these earthquakes in space and time. 
As such, source characterization provides the basis for 
evaluating the long-term seismic potential at particular 
sites of interest. 

In the late 1960s and early 1970s — largely in response 
to expansion of nuclear power plant siting and the issu- 
ance of a code of federal regulations by the Nuclear Reg- 
ulatory Commission referred to as Appendix A, 
I0CFR100 — the need to characterize the earthquake 
potential of individual faults for seismic design took on 
greater importance. Appendix A established determinis- 
tic procedures for assessing the seismic hazard at nuclear 
power plant sites. Bonilla and Buchanan (1970), using 
data from historical surface-faulting earthquakes, de- 
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veloped a set of statistical correlations relating earth- 
quake magnitude to surface rupture length and to sur- 
face displacement. These relationships, which have 
been refined and updated (Slemmons, 1977; Bonilla ct 
ah, 1984) along with the relationship between fault area 
and magnitude (Wyss, 1979) and seismic moment and 
moment magnitude (Hanks and Kanamori, 1979), have 
served as the basis for selecting maximum earthquakes 
in a wide variety of design situations (Schwartz et al., 
1984). A related concept that developed at about the 
same time and that has also seen widespread use is the 
idea that a seismic source can produce two types of 
earthquakes, a “maximum credible” event or simply a 
“maximum” earthquake, which is the largest conceiv- 
able, and a “maximum probable” event, which is 
smaller and more frequent. 

It is clear that the correlations between earthquake 
magnitude and fault parameters can provide reasonable 
estimates of the magnitude or surface displacement as- 
sociated with future earthquakes on a fault when appro- 
priate values for the parameters are used. However, in 
applying these correlations to actual siting situations, 
there is often much uncertainty, and there has fre- 
quently been great controversy, in the selection of the 
parameters used. Perhaps no better example can be 
found than the diversity of conclusions regarding the 
seismic design parameters for the proposed Auburn 
Dam on the American River east of Sacramento, Cali- 
fornia. Reports on these were issued by the U.S. Bureau 
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of Reclamation, the U.S. Geological Survey, Wood- 
ward-Clyde Consultants, and five additional indepen- 
dent consultants to the Bureau of Reclamation. Esti- 
mates of the magnitude of the maximum earthquake on 
a fault in the vicinity of the dam ranged from 6.0 to 7,0; 
the closest approach of the source of the maximum 
earthquake ranged from less than 0.6 to 8 km; estimates 
of the focal depth of the maximum event varied from 5 
to 10 km; the amount of the surface displacement ex- 
pected during the maximum event varied from 25 cm to 
3 m; and estimates of the recurrence interval of the max- 
imum earthquake ranged from 10,000 to 85,000 yr. 
Characteristics of expectable fuulting within the dam 
foundation similarly had a wide range of estimated val- 
ues: the maximum earthquake was 5.0 to 7,0; displace- 
ment per event was less than 2.5 cm to 1 m; and the 
recurrence interval of an event in the foundation was 
260,000 to about 1,000,000 yr. This clearly illustrates 
the differences in perception among the various consul- 
tants or groups regarding both the physical basis for 
quantifying a particular fault parameter and the gen- 
eral understanding of fault behavior. 

During the past 10 yr the integration of geologic, seis- 
mologic, and geophysical information has led to a much 
better, though still far from complete, understanding of 
the relationships between faults and earthquakes in 
space and time. Geologic studios, especially a few highly 
focused fault-specific studies, have shown that individ- 
ual past large-magnitude earthquakes can be recog- 
nized in the geologic record and that the timing between 
events can be measured. Such investigations of prehis- 
toric earthquakes have developed into a formal disci- 
pline called paleoseismology (Wallace, 1981). Addition- 
ally, they have yielded information on fault slip rale, 
the amount of displacement during individual events, 
and the elapsed time since the most recent event. These 
data can be used in a number of different ways and have 
led to the development of new approaches to quantify- 
ing seismic hazards. Specifically, they have allowed us 
to begin to develop models of fault zone segmentation, 
which can be uspci to evaluate both the size and poten- 
tial location of future earthquakes on a fault zone, and 
also earthquake recurrence models, which provide in- 
formation on the frequency of different size earthquakes 
on a fault. At the same time, significant advances have 
been made in developing earthquake hazard models 
that use probabilistic approaches. These are particu- 
larly suited to incorporating the uncertainties in seismic 
source characterization and our evolving understanding 
of the earthquake process. 

In the present paper we discuss new trends in seismic 
hazard analysis using geologic data, with special em- 
phasis on fault-zone segmentation and recurrence 
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models and the way in which they provide a basis for 
evaluating long-term earthquake potential. 


THE CEO LOGIC DATA BASE 

Figure 14.1 is a schematic diagram showing the types 
of geologic data that can be obtained for individual 
fuults and the applications of each to the evaluation of 
seismic hazards. 

Slip Hate 

Slip rate is the net tectonic displacement on a fault 
during a measurable period of time. In recent years a 
great deal of emphasis has been placed on obtainingslip- 
rate data, and published rates are available for many 
faults. Slip rates are an expression of the long term, or 
average, activity of a fault. In a general waj they can 
be used as an index to compare the relative activity of 
faults. Slip rates are not necessarily a direct expression of 
earthquake potential. Although faults with high slip 
rates generally generate large-magnitude earthquakes, 
those with low slip rates may do the same, but with 
longer periods of time between events. Slip rates reflect 
the rate of strain energy release on a fault, which can be 
expressed as seismic moment. Because of this they are 
now being used to estimate earthquake recurrence on 
individual faults, especially in probabilistic seismic haz- 
ard analyses. 


GEOLOGIC DATA 



FIGURE 14.1 Relationship between geologic data and aspects of 
seismic hazard evaluation. 
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Recurrence Intervals 

A recurrence interval is the time period between suc- 
cessive geologically recognizable earthquakes. The ex- 
cavation of trenches across faults has proven to be a tre- 
mendously successful technique for exposing strati- 
graphic and structural evidence of past individual 
earthquakes in the geologic record. The recognition of 
geomorphic features such as tectonic terraces and indi- 
vidual stream offsets, morphometric analysis of fault 
scarps, and evidence of past liquefaction also provide 
direct information on the number of past events for 
many faults. Where datable material is found, the ac- 
tual intervals between successive events can be deter- 
rr.med, although in many cases only average recurrence 
intervals can be estimated, Data on recurrence intervals 
can be combined with information on displacement 
during each event to develop fault-specific recurrence 
models. 

Elapsed Time 

Elapsed time is the amount of time that has passed 
since the most recent large earthquake on a fault. Many 
faults have experienced repeated late Pleistocene and 
Holocene surface-faulting earthquakes but have not 
ruptured historically. With trenching and geomorphic 
analysis it is possible to identify and estimate the timing 
of the most recent event. Information on elapsed time is 
desirable because, when combined with data on recur- 
rence intervals, it provides the basis for calculating real- 
time probabilities of the occurrence of future events on a 
fault. Differences in the timing of the most recent sur- 
face rupture along the length of a fault zone are also 
extremely useful in identifying segments that may be- 
have independently. 

Displacement per Event 

Displacement per event is the amount of eoseismic 
slip that occurs at the surface during an individual 
earthquake. Geologic studies are providing this infor- 
mation for past earthquakes and assume that the mea- 
sured displacement occurred coseismically, that is, si- 
multaneously with seismic rupture rather than (to any 
significant extent) during a period of postseismic adjust- 
ment called afterslip. Displacements may be obtained, 
for example, from measurements of displaced strati- 
graphic horizons; the thickness of colluvial wedges ob- 
served in trenches, stream offsets, the heights of tectonic 
terraces on the upthrown side of faults; and inflections 
in fault scarp profiles. Displacement reflects the energy 
associated with an earthquake; displacement data can 


be used as input for calculating maximum earthquakes. 
Because the amount of eoseismic slip generally varies in 
some systematic way along the length of a surface rup- 
ture, care must be taken to evaluate the degree to which 
a particular displacement value reflects a minimum, 
maximum, or average displacement for that event. Dis- 
placement per event data for repeated earthquakes at a 
point on a fault coupled with the timing of the events 
provide a basis for formulating recurrence models. 

Fault Geometry 

The geometry of a fault is defined by its surface orien- 
tation, its dip, and its down-dip extent. For many faults, 
and particularly dip-slip faults, changes in the strike of 
the fault at the surface, especially when coupled with 
major changes in lithology, may aid in assessing the lo- 
cation of fault segment boundaries. For strike-slip faults 
dips are generally vertical, but for dip-slip faults the dip 
at depth may vary considerably from the surface dip, 
Some normal faults may decrease in dip with depth (be- 
come listric), whereas seismogenic thrust or reverse 
faults often steepen with depth. Seismic reflection data 
and seismicity data such as focal mechanisms can pro- 
vide constraints on dip. The thickness of the seismogenic 
or brittle crust in a region determined from the depth 
distribution of seismicity also places constraints on the 
down-dip extent of the part of a fault that exhibits brit- 
tle behavior. Fault dip and down-dip seismogenic ex- 
tent define fault width, which, along with fault length, 
are the key parameters for quantifying the fault area 
that is used to estimate magnitude and seismic moment. 


FAULT-ZONE SEGMENTATION 

The Concept 

In evaluating the hazard posed by a specific fault or 
seismic source zone, a major concern is the location of 
future events on that zone. It is commonly observed that 
long fault zones do not rupture along their entire length 
during a single earthquake. Therefore, to what degree is 
the location of rupture random, or are there physical 
controls in the fault zone that define the location and 
extent of rupture und divide the zone into segments? If a 
zone is segmented, how long can segments persist as dis- 
crete units without overlap of rupture during successive 
faulting events? Even more importantly, can segments 
be recognized on the basis of geologic, seismologic, and 
geophysical data? Answers to these questions have the 
potential to provide new insights into understanding 
rupture propagation and also to provide a physical basis 
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for evaluating where along a fault the next rupture may 
occur. In addition, the ability to identify potential rup- 
ture segments places constraints on fault rupture length, 
which is a major geometric parameter used in the esti- 
mation of maximum earthquake magnitude. Inherent 
in the concept of segmentation is the idea of persistent 
barriers (Aki, 1979, 1984) that control rupture propaga- 
tion. 

Examples of Segmentation 

Wasatch Fault Zone , Utah The Wasatch is a 370- 
km-long normal-slip fault that has not had a historical 
surface-faulting earthquake. Based on historical surface 
ruptures on normal faults in the Great Basin, which 
have ranged in length from about 35 to 65 km, only a 
part of the Wasatch Fault zone will be expected to rup- 
ture in future earthquakes with lengths comparable to 
the historical examples. A segmentation model for the 
Wasatch Fault zone {Schwartz and Coppersmith, 1984) 
is shown on Figure 14.2. Each Wasatch segment is iden- 
tified usingsurface fault geometry, fault scarp morphol- 
ogy, slip rate, timing of the most recent and prior 
events, gravity data, and geodetic data. From north to 
south, the length and orientation of the segments are (1) 
Collinston segment, 30 km, N20°W; (2) Ogden seg- 
ment, 70 km, N10°W; (3) Salt Lake City segment, 35 
km, convex east N20°E to N30°W; (4) Provo segment, 
55 km, N25°W; (5) Nephi segment, 35 km, N11°E; and 
(6) Levan segment, 40 km, convex west. The Collinston 
segment has had no identifiable surface faulting during 
the past 13,500 yr. The Ogden segment has experienced 
multiple displacements, including two within the past 
1580 l l C yr before present (BP) and with the most recent 
of these within the past 500 yr, The Salt Lake City and 
Provo segments have each had repeated Holocene 
events; the timing of the most recent event along the Salt 
Lake City segment is not known, and the youngest event 
on the Provo segment appears to have occurred more 
than 1000 yr ago. Along the Nepni segment one event 
has occurred within the past 1 100 "C yr BP and possibly 
as recently as 300 yr ago; two earlier events occurred on 
this segment between 4580 and 3640 M C yr BP, and this 
event occurred less than 1750 1 l C yr BP. 

The proposed segment boundaries may represent 
structurally complex transition zones ranging from a 
few to more than 10 km across. To varying degrees, 
boundaries selected on the basis of paleoseisrmc and geo- 
morphic observations are coincident with changes in the 
surface trend of the fault zone; major salients in the 
range front: intersecting east-west or northeast struc- 
tural trends observed in the bedrock geology of the Wa- 
satch Range; cross faults and transverse structural 
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FIGURE 14,2 Segmentation model for the Wasatch Fault zone, 
Utah, Stippled hands define segment boundaries (modified from 
Schwartz and Coppersmith, 1984). 


trends interpreted from gravity data (Zoback, 1983); 
and geodetic changes (Snay et al., 1984). Smith and 
Bruhn (1984) showed a strong spatial correlation be- 
tween segment boundaries and the margins of major 
thrust faults of Late Jurassic to Early Tertiary age. 

Oucd Fodda Fault, Algeria An excellent example of 
fault-zone segmentation is provided by the Oued Fodda 
Fault, which produced the El Asnam, Algeria, earth- 
quake (M s = 7.3) of October 10, 1980. Yielding et al, 
(1981) and King and Yielding (1984) described this 
earthquake in terms of fault geometry and rupture 
propagation and termination. Basic features of the sur- 
face rupture and segmentation are shown in Figure 
14.3. Thirty kilometers of coseism ic surface faulting oc- 
curred on a northeast trending thrust fault, with second- 
ary normal faulting on the upper plate. This rupture is 
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F1CURE 14.3 Map showing coseismic sur- 
face rupture from the 1980 El Asnam, Alge- 
ria, earthquake and the segmentation model 
for the Oued Fodda fault (modified from 
King and Yielding, 1984). Fault segments A, 
B, and C are defined by differences in geo- 
morphic expression, seismicity, coseismic 
slip, geometry, and long-term rales of defor- 
mation. 


composed of three distinct segments, referred to as A, B, 
and C. The southern segment contains two smaller seg- 
ments, A1 and A2. Local and teleseismic data showed 
that the earthquake occurred at a depth of 10 to 15 km 
and was a complex rupture event. The main shock nu- 
cleated at the southwest end of segment A and propa- 
gated 12 km northeast, where a second rupture of equal 
seismic moment occurred and ruptured 12 km further 
northeast; a smaller third rupture occurred and propa- 
gated along segment G. Geologically, coseismic surface 
displacement during the 1980 earthquake decreases at 
each segment boundary, the strikes of the segments dif- 
fer, and there is a gap in the main thrust rupture and an 
en echelon step between southern and central segments. 
There are also differences in long-term deformation 
along each as expressed by the degree of development of 
folds on the hanging wall of the thrust. A well-devel- 
oped anticline with an amplitude of more than 200 m 
occurs along segment B, the amplitude of the anticline 
decreases to less than 100 m along A2, and the amplitude 
along A1 is less than 30 m before the anticline dies out 
toward the south end of segment. The slip distribution 
from the 1980 earthquake corresponds closely with the 
observed differences in the amount of long-term defor- 
mation. The average net slip in 1980 was greatest on 
segment B, decreased along A2, and decreased again 
along A1 . Aftershocks show that strike-slip faulting nor- 
mal to the trend of the surface rupture occurs at the seg- 
ment boundaries, specifically between A1 and A2, and 


between A and B. In addition, aftershocks indicate dif- 
ferences in dip betwet n segments, with segment A hav- 
ing a steeper dip than segment B. Based on these obser- 
vations, Yielding et al. (1981) and King and Yielding 
(1984) concluded that the 1980 displacement pattern 
was similar to past surface ruptures and that features of 
fault geometry and barriers that control the nucleation 
and propagation of rupture on this fault have persisted 
through geologic time. 

Lost River Fault Zone, Idaho Surface faulting asso- 
ciated with the October 28, 1983, Borah Peak, Idaho, 
earthquake ( M s = 7.3) on the Lost River Fault zone 
provides another example for examining segmentation. 
The Lost River Fault is a normal-slip fault zone that ex- 
tends for approximately 140 km from Arco to Challis. In 
1983 it ruptured along 36 km of its length (Crone and 
Machette, 1984). Scott et al. (1985) suggested that the 
zone may be composed of five or six segments character- 
ized by different geomorphic expression, structural re- 
lief, and timing of most recent displacement. The seg- 
mentation model for the fault zone is shown on Figure 
14.4. At the southern end of the 1983 rupture zone, 
where surface rupture initiated, a 25-cm-high scarp 
that formed in 1983 is coincident with a fault scarp of 
approximately the same height that defines the pre-1983 
event of this location. South of this point the strike of the 
range front changes sharply, transverse faults occur in 
the bedrock of the range, and a set of higher fault scarps 
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FIGURE 14.4 Segmentation model for the 
Lost River Fault zone, Idaho (modified from 
Scott el at., 1985), 
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along which there was no slip in 1983 can be traced 
southward. These observations suggest that rupture 
may have initiated at the same point during the past two 
events and that a segment boundary occurs at the loca- 
tion of rupture initiation. Crone arid Machette (1984) 
also suggested that a subsegment boundary may occur in 
association with a complex zone of bedrock structure 
near the northern end of the 1983 surface rupture. 

San Andreas Fault Zone , California The San An- 
dreas Fault zone also provides an example for evaluating 
segmentation, primarily because most of the fault has 
ruptured in historical time and the amount and extent of 
slip are known. Allen (1968) recognized differences in 
the historical behavior of various parts of the San An- 
dreas Fault zone and identified four segments (Figure 


14,5): a northern segment that was the location of the 
1906 rupture, a central segment that is currently creep- 
ing and has been the location of repeated moderate 
earthquakes during this century, a south-central seg- 
ment that was the location of the 1857 rupture, and a 
southern segment that has not generated large earth- 
quakes during the historical period. 

Recently developed historical and paleoseismicity- 
data, particularly recurrence data developed from 
trenching studies and data on displacement per event 
gathered at different points along the zone (Sieh, 1978, 
1984; Bakun and McEvilly, 1984; Hall, 1984; Sich and 
Jahns, 1984), indicate that long-term differences in the 
behavior of individual segments do occur and that such 
behavior has remained relatively constant during the 
past few thousand years. This strongly suggests that the 
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FIGURE 14.5 Segmentation model for San Andreas Fault zone, 
California, The northern segment ruptured in 1906; the central seg- 
ment has been the location of repeated moderate earthquakes during 
this century and is currently creeping; the south-central segment rup- 
tured in 1857 ; and the southern segment has not generated large histor- 
ical earthquakes, 

historically defined segments have persisted as distinct 
units through at least the past several seismic cycles 
(Schwartz and Coppersmith, 1984), 

Segmentation and Seismic Hazard Assessment 

Fault segmentation occurs on a variety of scales, Seg- 
ments may represent the cumulative coseismic rupture 
during a single event on a long fault and be many tens of 
kilometers in length, they may represent a part of the 
rupture associated with an individual faulting event and 
be only a few kilometers long, or they may represent 
local inhomogeneities along a fault plane and be only a 
few tens or hundreds of meters in length. Because of 
their longer lengths, it is the first and second types of 
segments that have the most relevance to evaluating 
seismic hazards and are discussed here. 

The identification of segments is not particularly 
easy, and methods for doing so are in the early stages of 
development. As more segmented faults are observed 
and studied, the physical characteristics and controls of 
segmentation will become more readily identifiable and 


better understood. The best types of data that provide 
information on segmentation are those that quantify 
differences in behavior along the length of a fault during 
its most recent seismic cycle. The most definitive is the 
difference in the timing of the most recent event, fol- 
lowed by differences in the timing of older events as in- 
dicated by paleoseismological recurrence data. Differ- 
ences in representative slip rates, major changes in the 
strike of the fault, the occurrence of significant litho- 
logic changes, and the presence of transverse geologic 
structures mayspply additional information that can be 
used to recognize fault segments. 

For many faults it appears that surface geology and 
changes in fault geometry frequently have a one-to-one 
correlation with, and are an expression of, rupture pro- 
cesses occurring at seismogenic depths. As a result, geo- 
logic, seismologic, and geophysical data can be used to 
define fault-specific segmentation models for individual 
faults. Implicit in segmentation modeling is the concept 
that segments can persist as generally discrete units 
through significant periods of time and, therefore, that 
each segment ruptures separately. There are no geologic 
data that currently preclude the possibility that some 
ruptures may cross segment boundaries or that adjacent 
segments may rupture completely during the same 
event. However, in instances where the amount of sur- 
face slip during a historical event can be compared with 
that from previous events at the same location it is ob- 
served often that displacement during successive events 
has been essentially the same. This indicates that the slip 
distribution along the fault, and by inferences the rup- 
ture length, has remained relatively constant. When the 
amount and rate of short-term (i.e., Holocene) defor- 
mation on a fault segment can be compared with the 
amount of long-term deformation, there is often a good 
correspondence. For example, Schwartz and Copper- 
smith (1984) showed that Wasatch Fault segments de- 
fined on the basis of paleoseismicity data are also re- 
flected by systematic changes in the elevation of the 
Wasatch Range. The elevation of the range is highest 
where late Quaternary slip rates are fastest and recur- 
rence intervals are shortest, the elevation of the range 
decreases at segment boundaries and where Holocene 
scarps die out, and the elevation of the range is lowest at 
each end where paleoseismicity data reveal the lowest 
Holocene slip rates and the longest recurrence intervals 
along the fault zone. Along the south-central segment of 
the San Andreas Fault, the parts of the segment that had 
the largest amounts of coseismic slip in 1857 also have 
the higher long-term slip rates, Aki (1979, 1984) sug- 
gested that strong, stable barriers to rupture propaga- 
tion persist through many repeated earthquakes, and 
the observations noted above are consistent with this. 
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For dip-slip faults these barriers appear to be mainly 
transverse geologic structures inherited from previous 
stress regimes that permit decoupling of adjacent seg- 
ments. The controls of segmentation on strike-slip faults 
are not so clear, and, because these faults propagate lat- 
erally, the longevity of individual segments may be 
shorter than for dip-slip faults. 

The independent behavior of fault segments has im- 
portant implications for seismic hazard evaluation. Seg- 
ment identification provides a physical basis for the se- 
lection of rupture lengths used in the calculation of 
maximum earthquakes. Also, if a fault is segmented, the 
potential hazard posed by each segment may be differ- 
ent. For example, variability in segment length will 
mean variability in the size of the maximum earth- 
quake. Moreover, recognition of segments and of the 
differences in the behavior of each will be extremely im- 
portant for long-range earthquake forecasting. Infor- 
mation on the difference in the elapsed time and on the 
recurrence interval for each segment can be used to as- 
sess where along a fault zone the next major event will 
most likely occur and to calculate the probability of that 
event. This provides a basis for selecting parts of a fault 
zone for more intensive investigation for purposes of 
short-term earthquake prediction. 

THE CHARACTERISTIC EARTHQUAKE 

MODEL 

Recent fault-specific geologic investigations have 
shown that many individual faults and fault segments 
tend to generate essentially the same size or characteris- 
tic earthquakes having a relatively narrow range of 
magnitudes at or near the maximum (Schwartz and 
Coppersmith, 1984). The characteristic earthquake 
model was developed from geologic observations that, 
at a point along a fault, the displacement during succes- 
sive surface-faulting earthquakes remained essentially 
constant. This was observed in trenches along the Wa- 
satch Fault zone, where past displacements could be 
measured using colluvial deposits derived from erosion 
of fault scarps. Similar behavior is observed along the 
south-central segment of the San Andreas Fault, where 
location-specific displacement during the 1857 earth- 
quake appears to repeat the amount of displacement of 
at least the two previous events. This has been shown to 
be the case at Wallace Creek (Sieh and Jahns, 1984) as 
well as at other sites along the fault segment. 

The 1983 Borah Peak, Idaho, Earthquake — A 

Characteristic Event 

Comparisons of observations of the October 28, 1983, 
Borah Peak, Idaho, earthquake ( M s = 7.3) with pa- 
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leoseismic observations provide strong support for the 
characteristic earthquake model. In 1976 a trench was 
excavated across a fault scarp of the Lost River Fault 
zone that was developed in a Pinedale-age outwash fan 
(approximately 15,000 yr old) at Doublespring Pass 
Road (Figure 14.4). Relationships in this trench sug- 
gested that only one major surface faulting event had 
occurred since formation of the fan surface and that this 
event was mid-Holocene (about 6000 yr) in age (Hait 
and Scott, 1978). As part of the evaluation of the 1983 
earthquake, a parallel trench was excavated to re-ex- 
pose the pre-1983 earthquake relationships and observe 
the changes that occurred in 1983. A generalized log of 
the 1984 trench is shown on Figure 14.6. Within this 
trench, correlative stratigraphic marker horizons occur 
on both sides of the main fault and can be traced across 
the graben. Because of this, the complete postfan fault- 
ing history is exposed, and measurement of pre-1983 dis- 
placements can be made and compared with those 
of 1983 displacements. Mapping and analysis of the 
stratigraphic and structural relationships in the trench 
(Schwartz and Crone, 1985) indicate the following se- 
quence of events; 

1 . Pre-1983 surface faulting. The fan surface was dis- 
placed, and a series of graben and a horst were produced 
across a 40-m-wide zone west of the main scarp. The 
amount of displacement on individual faults formed 
during this event is the same across the base of a pedo- 
genic carbonate horizon (Ck) that was near the surface 
of the fan and lithologic contacts at the base of the 
trench (for example, the top of the distinctive silty 
gravel). 

2. Deposition of scarp-derived colluvium. This oc- 
curred at and west of the main fault (meters 5 through 
10) and in graben (meters 15 through 19; 24 through 
27). Fissure infills also developed (meters 24 and 39). 
These deposits are shown by the gray stippled pattern in 
Figure 14.6. 

3. Continued colluviation and the development of an 
organic A-horizon (slanted pattern) at the pre-1983 
ground surface. 

4. 1983 surface faulting. All pre-1983 faults were re- 
activated, one new trace developed, and the existing 
colluvial wedge at the main fault was backtilted to the 
east. 

5. Deposition of scarp-derived colluvium. Fostfault- 
ing colluvial deposits (dashed pattern) buried fault 
scarp free faces and are prominently developed at the 
main fault (meter 5) and in a graben (meters 15 and 19). 

Important conclusions can be drawn from the new 
Doublespring Pass trench regarding the number and 
size of past events. Only one pre-1983 surface faulting 
earthquake occurred along this segment of the Lost 
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River Fault zone between the time of formation of the 
surface of the Pinedale-age outwash fan and the 1983 
event. Surface displacement that occurred in 1983 
closely mimicked displacement from the previous event 
in both style and amount. All individual pre-1983 faults 
in the treneh were reactivated, including small graben 
and the well-defined horst. Displacement across the 
main fault was similar for both events, as was displace- 
ment on many of the synthetic and antithetic faults. 

Crone and Machettc (1984) showed the distribution 
of displacement along the length of the 1983 surface 
rupture. Although measurements of pre-1983 displace- 
ments have not been made systematically, mapping sug- 
gests that scarp heights from 1983 were extremely simi- 
lar to heights developed during the one pre-1983 event; 
small 1983 scarps are associated with small pre-1983 
scarps and large 1983 scarps are associated with large 
pre-1983 scarps. The pattern of faulting is also remark- 
ably consistent. This is shown not only in the trench but 
also at other locations along the fault where other gra- 
ben and existing en echelon scarps were all reactivated 
in 1983, Therefore, it appears that point-specific dis- 
placement is essentially the same for the past two events. 
These observations, coupled with those of segmenta- 
tion, support the characteristic earthquake model and 
imply that the 1983 earthquake was a characteristic 
event for this segment of the Lost River Fault zone. 

EARTHQUAKE RECURRENCE MODELS 

An earthquake recurrence model describes the rate or 
frequency of occurrence of earthquakes of various mag- 
nitudes, up to the maximum, on a fault or in a region. 
We distinguish this from an earthquake hazard model, 
which describes the likelihood or probability of future 
earthquake occurrence. Statistical studies of the histori- 
cal seismicity of large regions have shown that the num- 
ber of earthquakes is exponentially distributed with 
earthquake magnitude. The general form of this recur- 
rence model is the familiar Gutenberg-Richter exponen- 
tial frequency magnitude relationship 

logN(m) - a - bin , (14,1) 

where N(m) is the cumulative number of earthquakes of 
magnitude m or greater and a and b are constants. This 
is often termed a “constant b- value” model. In the gen- 
eral absence of fault-specific seismicity data, it has com- 
monly been assumed that the exponential recurrence 
model is as appropriate to individual faults as it is to 
regions. 

Recent geologic studies of late Quaternary faults 
strongly suggest that the exponential recurrence model 
is not appropriate for expressing earthquake recurrence 
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on individual faults. The evaluation of geologic recur- 
rence rests on the ability to recognize past events, date 
the interval between events, and evaluate the size of 
each event, By combining the recurrence intervals for 
large-magnitude earthquakes developed from geologic 
data with the recurrence for smaller-magnitude events 
developed from seismicity data, a characteristic earth- 
quake recurrence model is derived that has the general 
form shown in Figure 14.7. Notice that the geologic 
data represented by the box on Figure 14.7 include the 
uncertainty in both the recurrence intervals and the 
magnitude of the paleoseismic events. The model has a 
distinctive nonlinear b value that changes from values of 
about 1.0 in the small-magnitude range to lower values 
of about 0. 2-0,4 in the moderate- to large-magnitude 
range. The low b value reflects a recurrence curve an- 
chored at the large-magnitude events and having rela- 
tively fewer ; toderata-magnitude earthquakes than 
would be exptoted for b of about 1.0 (Schwartz and 
Coppersmith, 1984). The implications of this are that 
for an individual fault, estimates of the frequency of oc- 
currence of large earthquakes based on extrapolation of 
the frequency of occurrence of small earthquakes may 
be subject to considerable error. Likewise, the concept 



FIGURE 14.7 Diagrammatic cumulative frequency-magnitude re- 
currence relationship for an individual iault or fault segment. A low b 
vulue is required to reconcile the small-magnitude recurrence with ge- 
ologic recurrence, which is represented by the box (from Schwartz and 
Coppersmith, 1084), 
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of a ‘'probable” earthquake that is somewhat more 
likely to occur than the maximum event, and is therefore 
usually assumed to be somewhat smaller, is probably 
erroneous. 

Although it may be argued that the nonlinear slope of 
the recurrence curve in Figure 14.7 results from too 
short a sampling period of historical seismicity data, the 
distinctive nonlinear recurrence relationship suggested 
by the characteristic earthquake model has been ob- 
served solely from historical seismicity data along fault 
zones that historically have had repeated characteristic 
events. Examples are the Alaskan subduction zone 
(Utsu, 1971), the Mexican subduction zone (Singh etal., 
1983), Greece (Bath, 1983), Japan (Wesnousky el al,, 
1983), and Turkey (Bath, 1981). These observations 
suggest that the nonlinear slope is real and not merely 
the result of an inadequate data base. From these data. 
Youngs and Coppersmith (1985) developed a recurrence 
density function for the characteristic earthquake 
model. This relationship is essentially a refinement of 
the generalized characteristic earthquake recurrence 
model and, unlike the exponential model, is appropriate 
for describing fault-specific recurrence. 

Slip Rate and Earthquake Recurrence 

As discussed, geologic studies have been successful at 
identifying prehistoric earthquakes in the geologic re- 
cord and at estimating recurrence intervals between 
surface-faulting earthquakes. Unfortunately, these 
types of paleoseismicity data are not currently available 
for most faults. The late Quaternary geologic slip rate, 
however, can frequently be obtained and is being used 
to constrain fault-specific earthquake recurrence rela- 
tionships for seismic hazard analysis. 

Fault slip rates offer the advantage over historical 
seismicity data of spanning several seismic cycles of 
large-magnitude earthquakes on a fault, and they can 
be used to estimate average earthquake frequency. 
Their use, however, requires a number of assumptions, 
and each of these must be carefully considered when us- 
ing a slip rate to calculate recurrence on a specific fault. 
These assumptions are (1) all slip measured across the 
fault is seismic slip, unless fault creep has been recog- 
nized; (2) surface measurements of slip rate are repre- 
sentative of slip at seismogenic depths; (3) the slip rate is 
an average, which does not allow for short-term fluctu- 
ations in rate to be recognized; (4) the slip rate measured 
at a point is representative of the fault; and (5) the slip 
rate is applicable to the future time period of interest. 

Two basic approaches have been developed for using 
geologic slip rates. The first, proposed by Wallace 
(1970), allows average earthquake recurrence intervals 


to be calculated by dividing the slip rate into the dis- 
placement per event. Slemmons (1977) developed this 
further and arrived at relationships between recurrence 
intervals, magnitude, and slip rate. This general ap- 
proach assumes that only one size earthquake, usually 
the maximum, occurs and that the displacement per 
event used represents this event. However, because 
earthquakes with magnitudes less than the maximum 
also occur on the fault, less of the total slip rate is avail- 
able for the maximum event. Therefore the maximum 
event may have a longer recurrence interval than would 
be calculated assuming that no other slip events occur. 

The second approach is based on the assumption that 
the slip rate reflects the rate at which strain energy (seis- 
mic moment) accumulates along the fault and is avail- 
able for release. Seismic moment, M a , is the most physi- 
cally meaningful way to describe the size of an earth- 
quake in terms of static fault parameters: 

Mo = pAD, (14.2) 

where p is the rigidity or shear modulus (usually taken to 
about 3 X 10 11 dyne/cm 2 ), A is the area of fault plane 
undergoing slip during the earthquake, and D is the av- 
erage displacement over the slip surface (Aki, 1966). 
The seismic moment rate M a , which is the rate of energy 
release along a fault, is estimated by (Brune, 1968) 

Ado = pAS, (14.3) 

where S is the average slip rate along the fault (in centi- 
meters per year). The seismic moment rate provides an 
important link between geologic and seismicity data. 
For example, seismic moment rates determined from 
fault slip rates in a region may be directly compared 
with seismic moment rates based on seismicity data (Do- 
ser and Smith, 1982). 

Once a seismic moment rate has been calculated for a 
fault, it must be partitioned into various magnitude 
earthquakes according to an assumed recurrence model. 
Most commonly, an exponential magnitude distribution 
is used. Several authors (Smith, 1976; Campbell, 1977; 
Anderson, 1979; Molnar, 1979; Papastamatiou, 1980) 
have developed relationships between earthquake re- 
currence and fault or crustal deformation rates, assum- 
ing an exponential magnitude distribution. 

As discussed, there is increasing evidence that, at least 
for some faults, a recurrence model based on the charac- 
teristic earthquake may be more appropriate than the 
exponential model for individual faults and fault seg- 
ments. Youngs and Coppersmith (1985) developed a 
generalized recurrence density function for this model 
that can be used when fault slip rate data are available. 
The choice of either the exponential model or the char- 
acteristic earthquake model can have a significant im- 
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pact on the resulting recurrence relationship. Figure 
14.8 compares the earthquake recurrence relationship 
for a single fault developed using an exponential magni- 
tude distribution (solid curve) with that developed using 
the characteristic magnitude distribution (dashed 
curve). Both relationships were developed using the 
same maximum magnitude, b value (for the exponential 
distribution magnitude range), and fault slip rate. As 
shown in Figure 14.8, for the same slip rate, use of the 
characteristic earthquake model rather than a constant 
h-value model results in a significant reduction in the 
rate of occurrence of moderate-magnitude earthquakes 
and a modest increase in the rate of the largest events. 
This difference can have a significant impact on seismic 
hazard assessment at a site, depending on whether the 
moderate-magnitude events or the large events contrib- 
ute most to the hazard. 

One final consideration that is important in assessing 
earthquake recurrence from fault slip rate (moment 
rate) is sensitivity to the choice of maximum magnitude 
used in the analysis. As shown in Figure 14.9, for the 
same slip rate (constant moment rate), increasing the 
maximum magnitude from 6 to 8 results in a dramatic 
decrease in the recurrence rate for smaller events. This is 



FIGURE 14.8 Comparison of. recurrence relationships based on an 
exponential magnitude distribution (solid curve) and a characteristic 
earthquake distribution (dashed curve). Both relationships assume the 
same maximum magnitude, b value, and fault slip rate (from Youngs 
and Coppersmith, 1985), 
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FIGURE 14.9 Effect of variations in maximum magnitude on the 
recurrence relationship for a fault when fault slip rate (moment rate) is 
held constant (from Youngs and Coppersmith, 1985). 


because the largest earthquakes account for the major 
part of the total seismic moment rate and adding a single 
large earthquake requires the subtraction of many 
smaller events to maintain the same moment rate. 

EARTHQUAKE HAZARD MODELS 

One primary goal of a seismic hazard analysis is to 
quantify the hazard in such a way that it can be used for 
engineering decisions regarding seismic design. For the 
seismic design of dams, power plants, hospitals, and 
schools it has been common practice to use deterministic 
design criteria. That is, the design is based on the as- 
sumption that a particular earthquake magnitude, level 
of ground motion, or amount of displacement on a fault 
will occur during the life of the facility. In recent years, 
probabilistic models have become increasingly used in 
evaluating seismic hazards. 

Estimates of the likelihood or probability of future 
earthquake occurrence are quantified into probabilities 
through the use of earthquake hazard models. These 
models express assumptions regarding the timing and 
size of earthquake occurrence based on a physical and 
statistical understanding of the earthquake process. As 
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our understanding of fault behavior advances, the use of 
forecast models and the quantification of probabilities 
based on more refined geologic input will take on 
greater importance in guiding judgments regarding seis- 
mic design parameters. Some of the more common 
models are discussed below. They range from simple 
models that require few data constraints to complex 
models that, because of their large number of data con- 
straints, have rarely been applied, It is expected that, 
with our evolving understanding of fault behavior and 
earthquake generation, increasingly sophisticated 
models will be put into more frequent use. 


Poisson- Exponential Model 

The most commonly used hazard model (see Cornell, 
1968) is based on the assumption that earthquakes fol- 
low a Poisson process, That is, along a fault or within a 
seismic source zone, earthquakes are assumed to occur 
randomly in time and space. Coupled with this assump- 
tion is the exponential distribution of earthquake mag- 
nitudes. The Poisson-exponential model assumes that 
the times between earthquake occurrences are exponen- 
tially distributed and there is some time between occur- 
rences of particular magnitudes. Therefore, the time of 
occurrence of the next earthquake is independent of the 
elapsed time since the previous one. Also, the Poisson 
process has no “memory” in that the magnitude of the 
next earthquake will not depend on the magnitude of 
any past events. Finally, the magnitude, locations, and 
times of occurrence of earthquakes along the fault are 
independent. This means, for example, that a long pe- 
riod of quiescence does not imply anything about the 
size of the next earthquake, Also, the next event is just as 
likely to occur on a segment of a fault that recently rup- 
tured as on any other segment. Where data on faults and 
fault behavior are lacking, the Poisson-exponential 
model may be necessary and useful. However, in many 
cases the assumptions of the model may not be compati- 
ble with our understanding of the physical processes of 
earthquake generation. 

For the Poisson-exponential model few data con- 
straints are required. The probability of occurrence of x 
number of events during time t is only a function of the 
rate v (the average number of events per unit time or the 
average recurrence interval): 


P(x) = 


(i>t) x e ‘ 

7 \ 


(14.4) 


The rate v may come directly from geologically derived 
estimates of earthquake recurrence. 


Time-Predictable Model 

The time-predictable model, as proposed by Shima- 
zaki and Nakata (1980), is based on assumptions of con- 
stant rates of stress and strain accumulation and that 
stress accumulates to some relatively constant threshold 
at which failure occurs. From these assumptions, given 
the size of the most recent strain release (usually ex- 
pressed as ooseismie fault slip) and the rate of strain ac- 
cumulation (slip rate), one can predict the time to the 
next earthquake Figure 14.10). In this regard, the time- 
predictable model is relatively deterministic, although 
some uncertainty may be introduced in the model pa- 
rameters. For example, stochastic models of earthquake 
occurrence have been developed based on the time-pre- 
dictable model (Anagnos and Kiremidjian, 1984), 

The evaluation of seismic hazards would be greatly 
simplified if all faults followed a time-predictable be- 
havior. However, it is likely that this is not the case. 
Rather, time-predictable behavior may be strongly de- 
pendent on tectonic environment. Along plate bounda- 
ries, such as major transform fault zones like the San 
Andreas, or subduction zones, where the rate and source 
of stress are relatively constant and the rate of strain ac- 
cumulation is high, major faults and fault segments may 
approach a generally uniform behavior. In these cases, a 
time-predictable model may provide a reasonable ap- 
proach to quantifying hazard, even if there is some un- 
certainty in the precision regarding the regularity of re- 
currence. Geodetic observations in Japan suggest that 
the rate of strain accumulation between large earth- 
quakes is not constant, but if the true variations in rate 
can be measured, the time-predictable model may still 
be applicable (Thatcher, 1984). However, the time-pre- 
dictable model does not appear to be applicable to in- 
terplate environments, where repeat times for the same- 
size earthquake on a fault can be highly variable. 



FIGURE 14.10 The time-predictable recurrence model, With infor- 
mation on the amount of the most recent coseismic fault slip (heavy 
line) and the assumption of iinear strain accumulation (thin line), the 
time to the next earthquake (dashed line) can be estimated (from Shi- 
muzaki and Nakata, 1980). 
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Renewal Models 

Renewal models, which are also referred to as real- 
time models, also imply a time-dependent accumula- 
tion of energy between major earthquakes. As opposed 
to the Poisson model, renewal models have a one-step 
“memory” that considers the time since the most recent 
event (Figure 14.11). That is, the likelihood of earth- 
quake occurrence during a particular future period of 
interest, which is referred to as conditional probability, 
is related to the elapsed time since the most recent event 
and the average recurrence interval between major 
earthquakes. To use this model, the parameters re- 
quired are the elapsed time, the average recurrence in- 
terval, and the uncertainty of dispersion about the aver- 
age recurrence. 

Renewal models and variations thereof have been 
widely used to describe earthquake occurrence (Vene- 
ziano and Cornell, 1976; Kameda and Ozaki, 1979; 
Savy et al., 1980; Grandori et al . , 1984). More complex 
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FIGURE 14.11 Schematic diagram ofsiniplo renewal model. A, The 
distribution of earthquake repeal times (recurrence intervals) is repre- 
sented by the probability density function. The future period of inter- 
est is shown from present, ( to (t + A (), The conditional probability of 
earthquake occurrence is defined as area under the density function 
(stippled area) divided by the area under the curve to the right of the 
present. B, For the renewal model the conditional probability varies as 
a function of the elapsed time since t|<e most recent earthquake, 
whereas the Poisson estimate Is independent of the elapsed time. 


models that are based on an assumed renewal process 
have also been proposed. However, additional parame- 
ters are required to specify these models, for example, 
the semi-Markov two-step memory that relates the 
probability of future earthquakes of particular sizes to 
both the elapsed time since the most recent event and the 
magnitude of the prior event. This model has been used 
to assess probabilities of earthquake occurrence in 
Alaska (Patwardhan et al ., 1980), the Wasatch Fault 
zone (Cluff et al ., 1980), and the San Andreas Fault 
(Coppersmith, 1981), 

In many instances, renewal models have the potential 
to provide the most realistic estimates of seismic hazard. 
Therefore, it should be the goal of hazard evaluation 
studies to provide the fault behavior data that best char- 
acterize seismic sources. 

SOME FINAL THOUGHTS 

In recent years there has been an evolution in the ap- 
proach toward the evaluation of seismic hazards. Deter- 
ministic estimates of maximum earthquake size and as- 
sociated ground motion that are based on a restricted 
data base are gradually being replaced by probabilistic 
assessments of future earthquake potential that incorpo- 
rate information on earthquake recurrence intervals, 
displacement per event, fault slip rate, fault segmenta- 
tion, and the uncertainties in these parameters. This is 
occurring, in large part, because of the progress that has 
been made in obtaining and using geologic data to 
quantify fault behavior and earthquake processes. We 
are optimistic that future geologic investigations, espe- 
cially of faults or seismic sources associated with histori- 
cal events that can be used for calibration, will provide 
even greater insights into understanding the space-time 
relationship between faults and earthquakes. Charac- 
terization of hazards in greater detail will increase our 
ability to make better informed and more realistic engi- 
neering decisions regarding seismic design. 
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ABSTRACT 

Volcunlc eruptions frequently interfere with luimun affairs; impacts range from minor nui- 
sances to major disasters. Some, 50 to G5 different volcanoes typically are active in any given year, 
and among these a small number muy cause significant damage and human casualties. Erup- 
tions of catastrophic proportions occur but a few times in a century, Volcanoes are a dramatic 
manifestation of tectonic processes, and the distribution of most of them is closely related to 
tectonic belts. Consequently only about 10 percent of the world’s population lives in localities 
that may, at one time or another, he affected by volcanic activity. Near long-dormant volcanoes, 
public attitudes toward hazards commonly reflect unconcern. In contrast, the onset of activity 
may spawn unreasoning fear. 

Geological studies of volcanic systems and monitoring of active volcanoes have revealed im- 
portant msights into volcanic processes. Volcanologists can inform people about volcanoes and 
hely ur iuij. rove responses to volcanic crises. But in so doing, volcanologists stray into unfamiliar 
ter, dealing frequently with public officials, land managers, and members of the news 
mean*, ivlisunderstandings may arise among these groups because of differences in background, 
objectives, and perceptions, and at times even well-based scientific opinions may encounter 
skepticism. It is vital, however, for volcanologists to communicate effectively with civic leaders 
and journalists, for it is only through constructive and harmonious interactions that optimum 
public response to volcanic hazards can be developed. 


INTRODUCTION 

Volcanic eruptions are among the most spectacular 
and awesome of all natural phenomena. From earliest 
human history they have both fascinated and terrorized 
mankind. Volcanoes have created some of the Earth’s 
most beautiful scenery but also caused some of its great- 
est catastrophes. The geologic record reveals countless 
prehistoric eruptions that were orders of magnitude 
more voluminous and violent than any that have oc- 


curred in tlie brief span of human history; when such 
huge events occur again they will cause unprecedented 
disasters. The problems posed by known volcanism dur- 
ing recorded history and contemporary times, as well as 
those posed by the unknown but inevitable volcanism of 
the future, are compelling reasons to improve our un- 
derstanding of volcanic phenomena. Even though little 
hope exists for controlling other than the most benign 
volcanic manifestations, some forms of volcanic energy 
can be harnessed for man’s benefit; an example is the 
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utilization of geothermal energy as ti source of heat and 
electrical power. Compared with many other fields of 
science, volcanology is in its infancy; yet substantial 
progress is being made froth in understanding volcanic 
processes and in developing methods of forecasting 
eruptions. 

This palter (1) reviews the relations that volcanoes 
bear to the tectonic belts of the Earth. (2) summarizes 
the major kinds of volcanic activity, (3) reviews princi- 
pal methods that scientists have used to study and fore- 
cast volcanic activity, and (41 discusses the ways that 
people react to volcanic activity. 


tiuin are voIhumws, and large segments of active i>< imuc 
baits have no votatnas at all N*v«rthtfas, all but a few 
of tie world's active volcanoes lie close enough to the 
major stones of active earth movement to have long pro 
yoked speculation and discussion on the nature of and 
connection between earthquakes and volcanoes. The 
current theory of plate tectonics provides a unifying 
framework explaining the association. 

Most volcanoes lie on or near two of the three princi- 
pal types of boundaries between the moving crustal 
plates; (lj spreading boundaries, where plates irov'ii 
away from each other, and (£) comprealve Itoundities , 
where plates move toward each other and mm mmtiim. 
the other, The third type of ftowidary, ttmMmm, along 
which the plates slide laterally, is ra ely associated with 
voh anivm But some volcanoes lit far front plate mar- 
gins, and most of these are explained as a result of the 
plate moving across a stationary, magma-generating 


VOI.CANISM IM THE CONTEXT OF 
TECTONICS 

Tlte distnlmt ion ol volcanoes throughout the world 
broadly parallels the major tectonic belts, although they 


I P 0 Sit. |5.l Map of list; vmIcmmws of the work!, showing (tie tAuiUm between volcanof's anti O’ctunk- f**lt*. Solid eiwte are valcaftoM with 
eruption* daw I Witt; open circtes are vakanoe* with dated eospffens priei to iw«t; triangles srt; vdkatntm with nrutaM bwt gssrf»giekliy m*at 
eruption*; small crosses a re vefca tints wit It uncertain or coUataiic activity tight double hut* are spreading fmt»da.ri«; thin erow-haitibeci tin® are 
coir tpmsjve hramdaikn fariajwwi two# Sisukhi #r«l (Hebert, i&M- Man qtreadi»K tmundMht m» sites of frnpnr wsleaittoB, Ink man t submarine 
eruptions gt* orkietectudl (see test), lirncr few sjieriilr submarine txtkauioc* appear on this twtp . 
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The basic concepts of plate tectonics have been for- 
mulated daring the past two decades through multidis- 
ciplinary efforts; useful summaries of the developments 
are found in Oxburgh (1971), Vine (1971), Wyllie 
(1971), and LePichon et al. (1973). An easily read sum- 
mary of how volcanoes fit into plate-tectonics theory is 
provided by Decker and Decker (1981). The following 
discussion summarizes the concept and its relations to 
volcanism. 

Most spreading boundaries lie on the floors of oceans 
(Figure 15.1), where they form a broad, linear ridge 
typically surmounted by a narrow trough or graben 
along the crest. As the opposing plates separate from 
each other, magma rises from depth along the teasional 
cracks to erupt as fluid basaltic lava on the ocean floor, 
thus forming new crust along the spreading boundary. 
Although no deep ocean-floor eruptions have been de- 
tected or observed in progress, bathymetric mapping of 
the seafloor, studies ol the basalt recovered by deep-sea 
dredging, and photography and other observations 
from deep-diving submersible vehicles provide evidence 
demonstrating the close relations between volcanism 
and the spreading process. 

Computations based on rates of seafloor spreading 
and the relative ages of mid-ocean ridge basalts show 
that the worldwide total volume rates of eruption from 
submarine volcanism are several times the totals from 
subaerial volcanism (Nakamura, 1974). However, this 
most common form of the Earth’s volcanism has essen- 
tially no direct impact in the form of hazards on human 
society because of its depth and remote location beneath 
the ocean. Future technology may change this if at- 
tempts are made to recover mineral deposits believed to 
be associated with submarine volcanoes. However, in a 
few places, spreading-type volcanism does impinge on 
people*, it has produced islands such as Iceland astride 
the mid-Atlantic ridge, and a spreading rift crosses part 
of East Africa. 

Most compressive or convergent plate boundaries 
form a subduction zone along which one plate descends 
beneath the other. A linear submarine trench commonly 
marks the boundary between two such plates. Within, 
adjacent to, or above the downward-moving slab, par- 
tial melting occurs. The resulting magma migrates up- 
ward through the crust to emerge eventually at the sur- 
face, causing volcanic eruptions from a linear belt of 
volcanoes that typically lies inland from but parallel to 
the compressive boundary. The long-recognized cir- 
cum-Pacific “ring of fire” is the result of subduction. 
More than 80 percent of the world’s recorded historic 
volcanism has occurred along the Pacific margin and 
offshoots such as the Indonesian and Marianas arcs. 

The third type of plate boundary, transform faults. 
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does not seem to cause volcanism, but some transform 
faults may incidentally offset a spreading or compres- 
sive boundary along which volcanoes are located. 

Although most active volcanism is associated with 
plate boundaries, some important volcanic centers lie 
within the interior of plates, in some cases thousands of 
kilometers from a boundary. An explanation of some in- 
traplate centers of volcanism is the concept of a melting 
or hot spot — an inferred stationary source in the upper 
mantle producing magma that rises through the overly- 
ing moving plate to form volcanoes at the surface (Wil- 
son, 1963, Morgan, 1971, 1972a, b). The melting-spot 
hypothesis has been further supplemented by the con- 
cept of “gravitational anchors,” a model that explains 
both the processes at melting spots and many of the geo- 
physical and geochemical data observed at intraplate 
volcanoes (Shaw and Jackson, 1973). The most fully 
documented example of such a system is that of the vol- 
canic islands and seamounts of the Hawaiian-Emporer 
chain (Dalrymple et ah 1973). Several other volcanic 
centers in the mid-Pacific Ocean may be associated with 
melting spots. 

Other intraplate volcanic centers lie in the western 
United States, central and eastern Asia, west Africa, and 
west-central Europe. Most of these show no apparent 
evidence for being related to a melting spot, and how 
they fit the plate-tectonic theory requires special expla- 
nation. The structures and volcanic evolution of the 
western United States have been related to complex in- 
teractions among plates and subplates along the Pacific- 
North American margin throughout the past 30 m.y. 
(Christiansen and Lipman, 1972). The prehistoric but 
potentially active volcanic centers throughout this re- 
gion are associated with an extremely complicated and 
continually changing state of stress, and pulses of mo- 
tion along structural lineaments have been proposed as 
triggering the formation of magma (Smith and Luedke, 
1984). These ideas demonstrate the important role of 
volcanism in the past and ongoing development of the 
concepts of plate tectonics. 

CHARACTERISTICS OF VOLCANOES AND 

ERUPTIONS 

The term “volcano” is defined in two ways; both defi- 
nitions are valid and are in common use. A volcano is (1) 
the opening or vent through which volcanic material 
(molten, solid, or gaseous) is emitted to the surface, and 
(2) the edifice — hill or mountain — built by the emitted 
material. The first definition applies chiefly to new vol- 
canoes that have not yet emitted enough material to 
build an edifice and to those whose products have been 
dispersed by post-eruption processes. The second defini- 
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tion is perhaps the more familiar. The size, shape, and 
structure of volcanoes vary widely with the physical and 
chemical characteristics and amount of the emitted ma- 
terial, and they are classified according to these various 
factors. Examples of large volcanic edifices include 
comp ite cones and shield volcanoes. Composite cones 
are typically steep-sided structures, some of great 
beauty like Mayon in the Philippines and Fuji in Japan. 
Most large volcanoes associated with compressive plate 
boundaries are composite cones. They are built of lava 
flows alternating with layers of pyroclastic fall, pyro- 
clastic flow, and other fragmental material. Shield vol- 
canoes, in contrast, are broad, gently sloping structures, 
built of many overlapping tongues of lava that had great 
fluidity; Mauna Loa and Kilauea in Hawaii are exam- 
ples. Descriptions of these and other volcanic landforms 
are in such textbooks on volcanoes as those by Mac- 
donald (1972), Bullard (1976), Williams and McBirney 
(1979), and Decker and Decker (1981). 

Material erupted by volcanoes is of widely diverse 
type and character. Eruptions cover the spectrum of 
size, violence, and rates of ejection and travel of the ma- 
terial. Hazards vary accordingly. Volcanic products as- 
sume a variety of forms, including lava flow, pyroclastic 
fall, pyroclastic flow, lahar, volcanic gas, and debris av- 
alanche and a wide assortment of intermixtures and in- 
tergradations, 

Lava flows originate by quiet welling from a vent or 
by more vigorous lava fountains, and they vary from 
fluid and mobile to viscous and slow. Fluid flo nay 
travel long distances, they may be either sheetlike or lo- 
bate depending on topography, and they are thin rela- 
tive to their length and breadth. On steep slopes, speeds 
may reach several tens of kilometers per hour. Viscous 
flowr travel slowly and only short distances, and they 
are thick relative to fluid flows of comparable lateral 
dimensions. Speeds are typically a few meters to a few 
hundred meters per hour. Lava flows commonly destroy 
property, arable land, buildings, and other structures, 
but relatively few have taken human lives, A rare excep- 
tion was the 1977 eruption of the African volcano Nyira- 
gongo, from which a highly fluid, fast-moving lava flow 
overwhelmed several villages and killed about 300 
people. 

Pyroclastic falls result from violent ejection of frag- 
mented or pulverized reck that travels through the air 
and falls to the ground. “Tephra" is a widely used term 
for this material. Mechanisms that cause fragmentation 
include explosive eruptions and vigorous streaming of 
gas from n vent. Fallout may be directly from eruption 
columns or from clouds produced by convective 
columns and transported by the wind. Convective 
clouds may rise above pyroclastic flows (see below) and 


be transported and deposited as pyroclastic falls. Pyro- 
clastic falls probably constitute the most common of all 
volcanic hazards. A small to moderate amount of 
tephra, with thicknesses of up to a few centimeters, is a 
nuisance and causes damage and inconvenience by clog- 
ging machinery and covering buildings, roads, and veg- 
etation. It causes breathing difficulties for humans and 
animals, and it can abrade tooth enamel. Voluminous 
tephra falls may be highly destructive; eruptions during 
historical and recent times have produced deposits 
many meters thick that collapsed structures and buried 
towns and farms. Fine material may be carried tens to 
hundreds of kilometers; some large prehistoric eruptions 
have deposits that can be recognized thousands of kilo- 
meters from their source. 

Pyroclastic flows, also known in various forms as ash 
flows, pumice flows, glowing avalanches, and nuees ar- 
dentes, are gravity-controlled ground-hugging masses 
of rapidly moving hot particulate matter. Their high 
mobility is the result of fluidization of the mass of parti- 
cles, thought to be caused by both dissolved gases escap- 
ing from the hot particles during travel and the rapid 
expansion of suddenly heated air engulfed by the ad- 
vancing mass. The size and shape of source vents, vol- 
ume-rate of ejection, temperature of material, and 
mechanism of transport all vary widely, and each is a 
factor in determining the characteristics of the resulting 
deposit. Pyroclastic-flow deposits may range from nar- 
row and lobate to broad and sheetlike, and thicknesses 
may vary from a fraction of a meter to hundreds of me- 
ters. Particularly high-temperature and/or voluminous 
pyroclastic flows may result in the flattening and weld- 
ing of particles within parts of the deposit to form 
welded tuffs. 

The rapid ejection oflarge volumes of material from a 
magma reservoir may cause the overlying surface area 
to collapse, producing a caldera. Calderas are circular 
to elongate depressions that are from one to several tens 
of kilometers across with walls that may be hundreds of 
meters high. Crater Lake, Oregon, is an example of this 
process. Relatively few caldera-forming eruptions have 
occurred during historical time, but they include some 
of the more notable eruptions such as Tambora (in 
1815); Krakatau (in 1883), and Katmai (in 1912), These 
voluminous eruptions represent perhaps the most severe 
of all known volcanic hazards, and localities throughout 
the circum-Pacific belt and elsewhere have the potential 
for producing such eruptions. Their frequency of occur- 
rence, fortunately, is very low by human time stan- 
dards. Several times during the past million years, how- 
ever, calderas have formed during truly immense 
eruptions of pyroclastic flows with volumes one or two 
orders of magnitude larger than those of historic erup- 
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tions. For example, calderas at Yellowstone National 
Park, Long Valley (California), Lake Taupo (New 
Zealand), and Lake Toba (Sumatra) all developed dur- 
ing pyroclastic-flow eruptions with volumes of tens to 
hundreds of cubic kilometers. General summaries of 
pyroclastic-flow deposits are provided by Smith 
(1960a, b) and Ross and Smith (1961); summaries of the 
concepts of relations between pyroclastic-flow deposits 
and calderas include those of Williams (1941), Smith 
(1960a, 1979), Smith and Bailey (1966, 1968), and 
Fisher and Schminke (1984). 

Pyroclastic surge is a type of flow of particulate mat- 
ter characterized by a relatively low ratio of solids to 
gas. Consequently surges are less dense, and they tend to 
be of relatively low temperature; their deposits are com- 
monly sorted and stratified and display assorted be- 
dforms, such as crossbedding. In contrast, typical pyro- 
clastic flows have a high ratio of particulate matter to 
gas and have relatively high temperatures; deposits are 
typically nonsorted and nonstratified. Surges tend to be 
pulsating, whereas other pyroclastic flows are more 
continuous. Like pyroclastic flows, surges may travel at 
high speed, commonly in the range of 50 m per second 
but sometimes exceeding 100 m per second. Large his- 
torical surges have traveled as much as 30 km from the 
source. Surges may occur either separately or together 
with pyroclastic flows, and sometimes surges precede or 
follow pyroclastic flows, forming intergradational de- 
posits. For these reasons, pyroclastic surge is here con- 
sidered as a variant form of pyroclastic flow, even 
though some authors regard it as a distinct process. Sev- 
eral different types of surge have been described, and 
the development of the concept and additional refer- 
ences are found in Moore (1967), Sparks (1976), 
Wohletz and Sheridan (1979), and Fisher and Schminke 
(1984). Both flows and surges are highly destructive of 
property, crops, and natural resources; they have taken 
many human lives. The eruption of Pelee in 1902, for 
example, which included both flow and surge phenom- 
ena, claimed 28,000 lives. 

Lahars are dense slurries of water-saturated volcanic 
debris that travel downslope, occasionally at velocities 
as high as 40 m/sec. They are sometimes called volcanic 
mudflows; but because they consist of material of all 
sizes, including blocks as much as several meters in di- 
ameter, the Indonesian term lahar is preferred. They 
may be generated during eruptions when fragmented 
volcanic material becomes intermixed with water, such 
as from a crater lake or any other body of water or from 
eruption-induced melting of snow and ice or from erup- 
tion-induced rainfall. They may also be generated dur- 
ing quiet periods between eruptions when heavy rain or 
breaching of ponds or lakes mobilizes unconsolidated 


235 

tephra. Historically, lahars have been one of the most 
destructive of all volcanic agents, with a high toll of 
both lives and property. Some historical deposits are 
tens of cubic kilometer", and some prehistoric deposits 
are hundreds of cubic kilometers in volume, and large 
lahars can travel over 100 km from their source. Kelut 
Volcano, Indonesia, is a notorious example where 
dozens of historical eruptions have been accompanied 
by lahars; in 1919 more than 100 villages were destroyed 
and over 5000 people were killed. Ruiz volcano (Colom- 
bia) had a moderate eruption in November 1985; melted 
snow and ice generated lahars that destroyed cities and 
towns greater than 50 km from the volcano, and more 
than 20,000 people were buried. 

During volcanic eruptions gases are not only a major 
product of emission, but they are considered to be the 
chief agent that propels the eruption. The most abun- 
dant volcanic gases include H2O, CO2, CO, S0 2 , SO3, 
H 2 S, HC1, and HF, and minor amounts of many other 
gases have been identified. Gas emissions often continue 
between eruptions, and some vents issue volcanic gas 
continually for years and decades. Several of the gases 
are poisonous, and some are corrosive; and in developed 
areas near gas vents humans, animals, plants, and prop- 
erty may be adversely affected. Certain forest trees and 
agricultural crops may become stunted or fail to survive 
gas emissions, such as during the 1783 eruption of Laki, 
Iceland, when fluorine-poisoned crops resulted in a 
famine that led to 10,090 deaths. At some volcanoes 
heavy gases have accumulated in basins or flowed down 
valleys, displacing oxygen and killing humans and ani- 
mals. At Dieng, Indonesia, such gas emitted during a 
small eruption in 1979 killed 150 people. 

Another important volcanic process, which became 
much more widely recognized as a result of the 1980 
eruption of Mount St, Helens, is the debris avalanche. 
At Mount St. Helens, an earthquake triggered the unsta- 
ble, oversteepened north flank of the volcano into mo- 
tion, and a catastrophic large landslide ensued that de- 
posited some 2.8 km 3 of debris in the nearby river 
courses and lake basin (Voight et al. 1981). Although 
large landslide deposits had previously been identified 
at a number of volcanoes, many additional deposits of 
similar origin have subsequently been recognized 
throughout the world. The experience at Mount St. 
Helens demonstrates that not only is the avalanche itself 
destructive, but the abrupt removal of material can de- 
pressurize an underlying phreatomagmatic system, 
which may then explode with cataclysmic violence 
(Lipman and Mullineaux, 1981). At Mount St. Helens, 
the debris avalanche launched a whole array of addi- 
tional volcanic processes, including pyroclastic surges, 
flows and falls, and lahars. 
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IMPACT OF VOLCANOES ON PEOPLE 

Distribution of Volcanoes in Relation to Human 

Population 

Concentration of volcanoes along relatively narrow 
belts means not only that a relatively small proportion of 
the land area of the world is close to volcanoes but also 
that a relatively small proportion of the human popula- 
tion has direct exposure to volcanic activity. Table IS. 1 
shows an approximation of the percentage of the world’s 
population under risk from volcanic activity, either con- 
tinuously, often, or only occasionally. It is assumed that 
people living within, say, about 300 km of an active vol- 
cano would be the most aware of and concerned about 
volcanoes. The table shows a total world population of 
3709 million persons, of whom approximately 357 mil- 
lion live near volcanoes. As a result, somewhat less than 
10 percent of the world's population is likely to experi- 
ence risk from volcanic activity, and many of these for 
only relatively brief periods. Hence efforts to generate 
support for research and surveillance of volcanoes fre- 
quently encounter only apathy and disinterest because 
the great majority of people have not directly experi- 
enced the problems. Only after major volcanic disasters 
does general interest become widespread, such as that 
generated by the 1980 eruption of Mount St. Helens. 

A high proportion of those countries having large seg- 
ments of the population living in hazardous areas are 
developing countries, such as Indonesia, the Philip- 
pines, and countries in Central and South America (Ta- 
ble 15.1). These countries have but limited resources for 
dealing with the problems posed by volcanoes. Some de- 
veloped countries with volcanic problems, such as New 
Zealand and Iceland, have but small populations. In 
western Europe, only Italy has historically active volca- 
noes located in areas that affect major population cen- 
ters. The United Kingdom and France have overseas 
possessions with volcanoes (Caribbean and Indian 
Ocean regions), but these island colonies have small 
populations and lie far from the centers of government 
and industry. Similarly, the volcanoes of Spain and Por- 
tugal lie in the Canary and Azore Islands, well removed 
from national centers. Geologically young volcanic dis- 
tricts in France and West Germany have had no activity 
during human recorded history. Most of the volcanoes 
of the Soviet Union lie in a remote region of eastern Sibe- 
ria thousands of kilometers from the center of govern- 
ment. The historically active volcanoes of the United 
States lie only in Hawaii and Alaska and in the Cascade 
Range of California, Oregon, and Washington. They 
directly affect less than 5 percent of the people of the 
United States. Other volcanic centers throughout the 


western United States have the potential for extremely 
destructive eruptions (Smith and Luedke, 1984), but be- 
cause they have had no historical activity, public per- 
ception of their hazard is low. Among the largest 
powers, only Japan has active volcanoes in areas where 
they have direct and frequent influence on a high pro- 
portion of the population near the centers of national 
life. This selective distribution of volcanoes relative to 
centers of major influence in world affairs appears to be 
a cause of the rather low level of concern and under- 
standing of volcanic hazards among the people of the 
world. 

Effects of Volcanoes on People and Their Activities 

In spite of the widespread lack of concern, nearly 10 
percent of the world’s people do live and work near ac- 
tive volcanoes, Among the discussions of volcanic haz- 
ards and their implications to society are those by Mac- 
donald (1972, 1975), Murton and Shimaburuko (1974), 
Warrick (1975, 1979), Marts (1978), Hodge et al. 
(1979), Sheets and Grayson (1979), Williams and Mc- 
Birney (1979), Blong (1984), Crandell etal. (1984), and 
Tomblin and Fournier d’Albe (in press). Each provides 
insight into the hazards and risks posed by volcanoes. 
Most conclude that except during and shortly after cri- 
ses, most people in risk-prone regions have little concern 
even about their own neighborhood, although they may 
be aware that elsewhere major eruptions cause serious 
consequences. 

The adverse effects of volcanoes are partly offset by 
often-overlooked beneficial effects. Volcanoes are 
builders of land. Many oceanic islands throughout the 
world owe their very existence to volcanic activity, and 
in these and other coastal areas volcanoes occasionally 
add new land. Even greater benefits are the water and 
air of the planet. Ancient volcanoes transferred volatile 
components from the molten depths to the surface to 
form the primitive oceans and atmosphere, and these 
were gradually modified to form the environment in 
which living things could develop. Hence volcanoes are 
one of the agents to which life itself owes its existence. 

Fertile soils develop from volcanic rock, and products 
from eruptions naturally renew them from time to time. 
In Indonesia the heaviest population is concentrated in 
the parts of Java and Bali that experience frequent dam- 
age or destruction by volcanic ejecta, for these are also 
the areas that sustain the richest agriculture. Where the 
climate is compatible, virtually every volcanic region on 
Earth is noted for its agricultural productivity. Volca- 
noes also produce outstanding scenery, and many vol- 
canic areas support thriving tourist industries. 

The common proximity of volcanic belts to coastlines 
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TABLE 15.1 Tabulation of Estimated Population Dwelling Near Volcanoes in Each Continent or World Region Compared 
with Total Population for Each Region 




Country or Section Within Continent 



Continent or Region 


or Region That Has Volcanoes'' 





Total Population* 


Total 

Population Near 


Name 

(in millions) 

Name 

Population 

Volcanoes* 

Subtotals 

Africa 

354 

Ethiopia 

26 

2 




Other E. Africa 

74 

4 




Central Africa 

37 

1 




West Africa 

104 

2 

9 

Asia 

2,104 

Indonesia 

125 

105 


(except USSR) 


Philippines 

39 

32 




Japan and Ryukyus 

106 

95 

232 

North America 

229 

Alaska 

0.3 

0,2 


(including 


Washington 

2.9 

2.9 


Hawaii) 


Oregon 

1.8 

1.8 




California 

18.8 

6 




Hawaii 

0.7 

0,7 

11 

Middle America 

96 

Mexico 

53 

40 




Central America 

17 

13 




Caribbean Islands 

26 

4 

57 

South America 

195 

Colombia 

22 

7 




Ecuador 

6 

6 




Peru 

14 

5 




Chile 

10 

3 

21 

Europe 

466 

Iceland, Jan Mayan 

0.3 

0.3 


(except USSR) 


Italy 

54 

22 




Creece 

9 

0.4 




Canary Is., Azores 

1.3 

1 


USSR 

245 

Kamchatka 

0.4 

0.2 

24 

Oceania 

20 

New Zealand 

3 

1.5 




Papua New Guinea 
Island groups (i.e., 

3 

0.5 




Mariannas, Solomons, 
New Hebrides, Samoa) 

1 

1 

3 

Total World 






Population 

3,709 

Total Population Near Volcanoes 


357 


“Population figures arc for early 1970s and have been adapted from Ehrlich and Ehrlich (1972). Some sectional figures have been derived from 
various geographic atlases. 

'’Precise data not available in convenient references; figures arc estimates based on broad distribution of populations both within and outside 
volcanic belts. 

“The countries and sections listed are derived from those having appreciable historic activity as shown in Simkin el at. (1981). 


means that some volcanoes lie near heavily used trans- 
portation and shipping routes. Geographic location and 
the benefits of volcanoes thus combine to attract human 
populations and activities to certain eruption-prone re- 
gions. Agriculture, tourism, shipping, and accompany- 
ing commercial and industrial activities may grow and 
flourish, especially near volcanoes with long eruption- 
recurrence intervals. 

At some places the activity is frequent and people 
learn to coexist with the volcanoes, carrying out mitigat- 
ing measures as necessary. When the activity is mild, 


eruptions are an inconvenience, but more vigorous ac- 
tivity may cause minor to major destruction. Repeated 
destruction in some areas has led to adoption of land-use 
zoning, where frequently damaged areas are left unde- 
veloped or minimally developed. Relatively successful 
adaptations are found in Japan, Philippines, Indonesia, 
and Iceland, but even in these countries some authori- 
ties are concerned over excessive development in places 
susceptible to damage by volcanoes. Volcano observato- 
ries have been established at a several frequently active 
volcanoes throughout the world, where systematic sur- 
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veillance and monitoring are carried out to provide ad- 
vance warnings of impending activity, 

At many volcanoes, however, intervals between 
eruptions may be so long that the hazards are over- 
looked or forgotten. Commercial, industrial, agricul- 
tural, and residential development may proceed with- 
out regard to the potential threat of the volcano. When 
indications of potential activity commence, it may be 
difficult to evaluate their significance. Many such signs 
either subside with no activity or lead only to mild activ- 
ity. However, sometimes precursory signs are followed 
by major disastrous eruptions that destroy both lives and 
property. Several well-known, large eruptions that fol- 
lowed quiet intervals of decades to centuries are Vesu- 
vius (Italy, AD 79); Krakatau (Indonesia, 1883); Pelee 
(Martinique, 1902); Lamington (Papua New Guinea, 
1951); Agung (Indonesia, 1963); Mount St. Helens 
(United States, 1980); and El Chichon (Mexico, 1982). 
Each of these eruptions cost human lives. Minor symp- 
toms precede almost all large eruptions, but at infre- 
quently active volcanoes they may be either ignored or 
misinterpreted. Even at Mount St. Helens, where the 
early minor symptoms were extensively studied, it was 
not possible to forecast the time or character of the cata- 
clysmic event. However, precursors have been success- 
fully interpreted to predict more than a dozen subse- 
quent eruptions (Swanson etaL, 1983) . 

Cataclysmic events, although uncommon, have a far 
greater influence on human perceptions than do the 
many lesser eruptions that occur each year throughout 
the world. Major eruptions arouse the awareness of peo- 
ple everywhere to this natural process and its capacity 
for destruction. Such eruptions demonstrate the need 
for improved understanding of the processes that cause 
volcanic activity. The interest generated by new major 
eruptions generally leads to temporary modest increases 
in support of research on volcanic processes and im- 
provement of surveillance techniques. 

VOLCANO MONITORING 

From a world total of about 540 volcanoes with iden- 
tified historical activity (Simkin et al., 1981), about 50 
to 65 different volcanoes erupt every year. Many erup- 
tions occur in remote regions where their impact on hu- 
man affairs is minimal, and many of those reported are 
small and cause but minor damage. Even so, on the av- 
erage about a dozen volcanoes per year cause apprecia- 
ble damage and sometimes human casualties, and from 
one to a few times per decade volcanic eruptions cai.se 
major damage and disruption with many casualties. 

In spite of the subordinate ranking of volcanic haz- 
ards in public consciousness, most countries with active 


volcanoes have been able to organize some effort to ob- 
serve and study them. The United Nations and several of 
the more developed countries with foreign aid programs 
have given occasional assistance to countries whose own 
resources are small, and efforts are being made to im- 
prove and continue these programs. However, in every 
country decisions must be made on how to allocate the 
limited available resources in the most effective way. 
For example, it must be decided whether to achieve 
broad but dilute coverage for an entire region or instead 
to concentrate on one or a few frequently active volca- 
noes. The ideal goal would be to monitor them all, but 
this is rarely possible. Decisions on priority are reached 
by fitting the available surveillance program to known 
patterns of volcanic behavior. Even with abundant re- 
sources, it is difficult to achieve fully satisfactory warn- 
ing capabilities. While great strides have been made in 
monitoring procedures and general volcanic processes 
are becoming better understood, each volcano has a 
wide range of individual behavior, and few volcanoes 
exhibit the same precursors or eruptive style. Virtually 
every eruption at every volcano adds new information 
to the scope of possibilities. 

Within this framework of limitations and difficulties, 
a wide array of tools and techniques has proven impor- 
tant for study, monitoring, and forecasting. Some tech- 
niques have universal applicability, whereas others 
prove useful only at some volcanoes or for certain erup- 
tive episodes. Hence monitoring techniques applied at 
any volcano are best established by trial and error, grad- 
ually discovering the most effective techniques and 
adapting them to local behavior patterns. As more data 
are collected, perhaps more universal behavior patterns 
will be recognized. 

Monitoring Techniques 

The most basic of all techniques, and one frequently 
overlooked or ignored in these times of high technology, 
is that of careful, systematic, visual observation. De- 
scriptions by trained and practiced observers for back- 
ground and quiet conditions, for precursory periods, for 
eruptive activity, and for changes caused by eruptions 
constitute the most essential surveillance technique of 
all. Such observations are the starting point from which 
all other techniques begin. It is desirable for the obser- 
vations to be supplemented by topographic maps at sev- 
eral scales, aerial photographs with stereographic cov- 
erage, and systematic documentary photographs — all 
made at appropriate time intervals. But even when 
these valuable supplements are not available, the re- 
cords of keen and diligent observers are vital . 

An extensive literature describes the multitude of in- 
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strumental techniques utilized in volcano monitoring. 
Useful summaries and applications of common tech- 
niques are provided by Stacey (1969), UNESCO (1971), 
Civetta et al. (1974), Lipman and Mullineaux (1981), 
Martin and Davis (1982), and Tazieff and Sabroux 
(1983). Citations to individual papers within these col- 
lections will not be given in this abbreviated summary. 

Seismic monitoring is the single most essential instru- 
mental technique used in volcano surveillance. As 
magma rises toward the surface before eruption, stresses 
forming in the adjacent rocks are relieved by fracturing 
and slippage, which seismographs detect as earth- 
quakes. Most of these are of very small magnitude (less 
than Richter magnitude 1), although these micro- 
earthquakes may be interspersed with some quakes of 
larger magnitude (1 to 5) . Another type of signal com- 
monly recorded is a fairly continuous, low-frequency 
rhythmic vibration that is termed volcanic tremor 
(more commonly but slightly erroneously called har- 
monic tremor), it is generally thought to be associated 
with the movement of fluid through passageways in 
rock, though the mechanism that generates volcanic 
tremor is not fully understood. 

At most volcanoes the numbers of earthquakes per 
unit time and the rate of seismic energy release show 
systematic increases prior to eruptions. Such increases, 
particularly when accompanied by or interspersed with 
volcanic tremor, are one of the most important tech- 
niques in forecasting volcanic eruptions (Figure 15.2). 
They are used with most confidence where repeated 
similar patterns have been observed prior to earlier 
eruptions. Each volcano seems to have an individual set 
of characteristic signals, so although the general princi- 
ples are common to all, the details recorded at one vol- 
cano do not necessarily apply at any other. Not every 
increase in seismic activity at a volcano precedes an 
eruption, which sometimes greatly complicates the fore- 
casting process and emphasizes the importance of utiliz- 
ing multiple techniques for surveillance. However, 
rarely if ever does an eruption begin without being pre- 
ceded by an increase in seismicity; hence any volcano 
with even primitive seismic instrumentation will likely 
give some warning before eruption. 

Nearly as important as seismic monitoring are various 
techniques of measuring ground deformation. As 
magma rises, it displaces rock, and these displacements 
are transmitted through intervening rock and expressed 
at the surface. Displacement of the surface may also be 
caused by pressure exerted by gases exsolving from the 
magma. These displacements cause points on the sur- 
face of the ground to move in relation to one another, 
both vertically and horizontally, and the amounts and 
rates of movement can be detected by a variety of tech- 
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FIGURE 15,2 Plot showing data as detected by three different moni- 
toring methods spanning a 2-month period at Mount St. Helens. The 
period includes an episode of lava extrusion during September 1984, 
Increases in seismicity, rate of ground displacement, and rate of gas 
emission were associated with this extrusion. The extrusion of lava be- 
gan about September 10 and continued for a few days. Signals com- 
monly increase at accelerating rates during days prior to the onset, and 
decrease when extrusion begins. A, Seism icity as shown by daily earth- 
quake count at a seismogruph located in the crater, Counts began to 
Increase in late August and progressively increased for several days; 
signals saturated the record from about Septembers to 11. Seismicity 
returned to background about September 14. B, Maximum daily rale 
of displacement of selected target on la va dome. Prior to September 1 , 
the background rate was from about 2 to 5 cm/day; from September 2 
to 8 the rate increased from 10 cm/day to about 3.5 m/day. The dis- 
placement rate exceeded 50 m/day just prior to onset of extrusion and 
declined rapidly after extrusion began. C, SO- gas emission rate as 
measured by aircraft-mounted COSPEC. Data are not continuous be- 
cause flights are made at irregular intervals. This extrusion was pre- 
ceded and accompanied by a pronounced increase in emission rate, 
but some events show little or no change. 


niques. The simplest of these is a measuring tape; if 
cracks or faults develop, distances between fixed points 
on opposite sides of the break can be measured periodi- 
cally, and rates, and sometimes directions, can be deter- 
mined and plotted. Across distances from tens of meters 
to tens of kilometers, horizontal displacement between 
fixed points can be monitored by electronic distance me- 
ters; modern precise instruments utilize a laser beam. 
Vertical changes can be determined by repeated level- 
ing along survey lines. Changes in slope of the ground 
are determined by tilt measurements by precise survey- 
ing techniques, water-tube devices, or electronic tiltme- 
ters. High-precision photogrammetry is now capable of 
detecting ground displacements to within fractions of a 
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meter, so it holds promise of being a useful supplement 
in detecting deformation, particularly in places where 
access is difficult. Repeated measurements by any of 
these techniques may give an indication of when swell- 
ing of the volcano is occurring, but ideally a combina- 
tion of all of them is employed, preferably with multiple 
stations and lines to attain a broad coverage. Constant 
rates of displacement indicate steady inflation or defla- 
tion of the volcano. Days to weeks before an eruption, 
rates of displacement may increase or total displace- 
ment may reach some critical level. Such changes, espe- 
cially when correlated with seismic observations, are 
important in predicting eruptions (Figure 15.2). When 
observations are made over a wide enough area, dis- 
placement vectors can estimate the location of the cen- 
ter of swelling, and further analysis may give indica- 
tions of the depth, size, and behavior of the magma 
body. Ground deformation studies are, therefore, im- 
portant both to forecasting and to improving under- 
standing of volcanic processes, 

The chemical and mineralogical composition of the 
erupted products is important in assessing the character 
of an eruption and the general state of the volcano, and 
systematic collection and analysis of lava and tephra 
samples are critical activities. Any change in composi- 
tion during an eruption provides clues to magmatic pro- 
cesses and may hint of potential changes in eruptive be- 
havior. 

Changes in the gravitational-field strength are caused 
by a change in elevation or a change in the density of 
nearby rocks or both. At a volcano the altitude of points 
on the surface may change in response to intrusion or 
withdrawal of magma, and the nearby mass distribu- 
tion may also change in response to the same processes. 
Eruptions add new rock to the surface, and other vol- 
canic processes may cause collapse or other redistribu- 
tion of material, which affects the local gravity field, 
Changes in the level of groundwater associated with 
eruptions, rainfall, or accumulated snow and ice can 
cause changes in the gravitational-field strength. Be- 
cause of these complexities, it is unlikely that gravity 
measurements can be used as a forecasting tool. But 
when coupled with other techniques, especially ground- 
deformution measurements, they can be useful in con- 
straining and better defining models for movement of 
magma and other volcanic processes. 

Gases are significant components of magma, and 
their chemistry, rate of emission, and relative propor- 
tions provide clues to magmatic behavior and to vol- 
canic processes in general. The manner and rate at 
which gases are liberated from the magma are primary 
factors determining the type and style of any eruption. 
Moreover, during the times between eruptions, gases 


being exhaled from vents and fumaroles provide the 
only component of magma that can be readily sampled. 
Hence gases have long been recognized as an important 
subject for study, both for potential value in eruption 
forecasting as well as in improving the understanding of 
volcano behavior. Modern collecting and analytical 
techniques can yield reliable results for gas composition, 
and changes in ratios among different gases can help sci- 
entists to infer the eruptive potential of a volcano. 
Changes in the absolute emission rates of volcanic gas 
empirically would seem to reflect the likelihood of erup- 
tion because, as magma rises, confining pressure de- 
creases and cracks develop in adjacent rocks, which 
should tend to increase gas flux. Use of the correlation 
spectrometer (COSPEC) at Mount St. Helens and other 
volcanoes has helped to confirm this concept. The COS- 
PEC, an instrument originally designed to monitor air 
pollution, can be utilized to measure the flux rate of SO* 
gas, and results have demonstrated broad, and some- 
times specific, fluctuations that correlate with volcanic 
behavior (Figure 15.2). Electronic probes to detect hy- 
drogen emissions and transmit data via telemetry have 
been deployed at a few volcanoes. 

Changes in the strength of the magnetic field at a vol- 
cano caR be caused either by the underground move- 
ment of magma or by changes in the stress patterns in 
the adjacent rocks. Regardless of the cause, a change in 
field strength should be a useful supporting technique to 
forecast eruptions. Studies have been carried out at a 
number of volcanoes, generally by deploying an array of 
magnetometers at sites on the volcano with one instru- 
ment established at a site remote from the volcano; the 
readings are systematically telemetered to a recording 
station. In addition to the absolute magnetic field mea- 
surements, the field-strength differences between the 
distant and near sites are recorded so as to neutralize 
nonvolcanic fluctuations such as magnetic storms and 
diurnal variations. Promising results have been ob- 
tained at several volcanoes, showing some changes in 
field strength associated with volcanic events, but as- 
sorted difficulties with instruments, telemetry, and vol- 
cano-induced damage have not yet allowed the tech- 
nique to achieve its full potential. 

Several kinds of study have been performed at volca- 
noes using a variety of electrical and electromagnetic 
techniques. Electrical resistivity of magma and molten 
lava is low, whereas that of dry solidified lava is high; 
resistivity is further modified by the variable conductiv- 
ity of permeating groundwater. The contrasts are 
adaptable to a wide variety of studies and experiments 
with different kinds of instruments and equipment. 
Self-potential, very-low-frequency electromagnetic, re- 
sistivity, and induced polarization are a few of the tech- 
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niques that have been used for experiments and studies 
at volcanoes, 

Measurement of temperature changes at the surface 
seems to be an obvious method of detecting change 
within a volcano, but it must be applied with caution. 
Under certain conditions at some volcanoes, increases in 
temperature occur at hot springs, fumaroles, and crater 
lakes, and systematic temperature surveillance is a use- 
ful monitoring tool. But surface temperatures can be af- 
fected by many non volcanic factors — rainfall, snow, 
changing groundwater levels, vegetation, weather con- 
ditions such as clouds and wind, and diurnal changes — 
so measurements must be carefully interpreted, A num- 
ber of methods may be used to determine temperature; 
the simplest being direct measurements using thermom- 
eter, thermistor, or thermocouple, depending on the 
temperature range. Care must be taken on successive 
readings to occupy the same location under as consistent 
environmental conditions as possible, Thermal infrared 
techniques have been used at some volcanoes; measure- 
ments can be made remotely, either from ground sta- 
tions or by aerial survey. These methods are useful in 
detecting broad changes in thermal patterns, but unless 
expensive calibrated equipment is used they do not yield 
quantitative results. Readings depend heavily on atmo- 
spheric conditions; clouds, rain, dust, and volcanic 
fume will affect results. In spite of these difficulties, ef- 
forts are under way at some volcanoes to establish con- 
sistent calibrated thermal surveys, Fluctuating temper- 
atures at some crater lakes have preceded some 
eruptions; such changes can supplement symptoms re- 
vealed by other techniques to help forecast activity. 

PUBLIC RESPONSE TO VOLCANIC ERUPTION 

Most people, in areas impacted by a volcanic erup- 
tion, are not especially interested in the research that 
keeps volcanologists occupied. During an emergency, 
they are concerned chiefly with the practical matters 
that affect them directly. Their questions are: Will the 
volcano erupt again? Will the lava (or volcanic ash) 
come in our direction? How often will it happen? How 
long will the eruption last? When can we go home? 
When can we resume our regular work? People gener- 
ally expect scientists to answer these questions, yet they 
rarely can be answered with confidence. 

When confronted with the stark conditions of dis- 
placement, discomfort, and perhaps survival, people 
may be surprised that the volcanologists are concerned 
with such seemingly esoteric matters as rock chemistry, 
tiny motions of survey markers, and wiggly lines on pa- 
per charts. While some people are interested and under- 
standing, others will regard such activities as irrelevant, 
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inane, or futile, and scientists may be viewed with indif- 
ference, skepticism, or hostility. It is difficult for some 
people to comprehend that answers to the scientific 
questions are ultimately the chief hope for answering 
their own questions . For a more beneficial outlook, peo- 
ple need information and education, both about volca- 
noes and about methods used in their study, Hence in 
regions likely to experience volcanic eruptions, it is im- 
portant for regular programs of education to be carried 
out before times of crisis. It is in the interest of scientists 
themselves to provide impetus, encouragement , and 
even to sponsor such education. In making long-range 
plans for appropriate use and development of land, 
zones may be established as defined by relative degrees 
of volcanic hazard (Crandell etal, 1984) . 

Various ways can be utilized to inform people about 
volcanoes, such as special meetings; talks to schools, 
civic groups, and clubs; and through booklets and pam- 
phlets, displays at museums and visitor centers, newspa- 
per articles, television and radio programs, and open 
houses at volcano observatories or other research facili- 
ties. The specific means can be adapted to local condi- 
tions. 

In the broad scheme of interactions between a vol- 
cano and the people, three other groups besides the sci- 
entists play key roles: public officials, land and property 
managers, and representatives of the news media. 
When a nearby volcano is quiet, all groups have the op- 
portunity to participate in the important functions of 
education about volcanoes and preparation for crises, 
both for their own enlightment and for the benefit of the 
people they serve. When the volcano becomes active, all 
become responsible for critical functions. In many 
branches of science, scientists have but minimal or ca- 
sual dealings with public officials, land managers, and 
news media, but when working with an active volcano, 
scientists must deal regularly with them all. Each group 
will find it advantageous to attain a good understanding 
of the role of the other and to gain appreciation and re- 
spect for the requirements, capabilities, and limitations 
of one another. While each group performs a different 
role, all have the common goal of promoting the welfare 
of the community. 

Interactions Between Volcanologists, Public 

Officials, and Property and Land Managers 

Wide variations exist from one country to another in 
the type of government and land ownership. Regardless 
of the prevailing system, however, those vested with ap- 
propriate responsibility each have an essential role to 
play when confronting problems posed by volcanoes. In 
areas of high volcanic risk, public officials and property 
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and land managers will be wise to gain at least minimal 
knowledge about the nature, characteristics, and range 
of behavior of the volcanoes in and near their jurisdic- 
tion. Ideally volcanologists will assist them, and mem- 
bers of each group will establish acquaintance and a 
good working relationship during times when the vol- 
cano is quiet. All can foster education, both for children 
in schools and for adults in meetings and forums by pub- 
lic and private groups. Officials can formulate contin- 
gency plans that prescribe courses of action for all de- 
partments in the event of a volcanic emergency. Prop- 
erty and land managers can anticipate questions 
regarding operations and access on their property and 
develop contingency policies in conjunction with public 
officials. Drills may be held by all groups for practice 
and to test and improve the plans. At some volcanoes, 
the hazards affect two or more local jurisdictions, in 
which case the adjoining governments should cooperate 
in developing the plans and in practicing the proce- 
dures. Volcanologists may serve as advisors in such exer- 
cises. 

In most societies, elected or appointed officials hold 
authority for making the decisions on common action in 
response to a volcanic crisis (Warrick, 1979; Blong, 
1984; Tomblin and Fournier d’Albe, in press!. Depend- 
ing on the situation and conditions, the officials may be 
at the local, regional, or national level. They must de- 
cide if and when people are to be evacuated; designate 
the boundaries of the evacuated area; determine routes 
and transportation methods; arrange for food, shelter, 
sanitation, medical care, and other needs of the evac- 
uees; and pay the costs. An evacuation is an economic 
loss in terms of the cost of evacuation, care of those evac- 
uated, and interrupted productivity; it is asocial disrup- 
tion because of the displacement of people from their 
homes and occupations. Officials face grave decisions 
when confronted with a volcanic crisis: to fail to evacu- 
ate during early activity when a destructive eruption 
follows may result in lives lost; yet to evacuate when no 
eruption follows results in social and economic loss. Ei- 
ther circumstance is inevitably followed by a hail of crit- 
icism (Hodge et al . , 1979; Blong, 1984; Fiske, 1984; 
Tomblin and Fournier d’Albe, in press). 

Officials themselves are rarely able to judge indepen- 
dently whether the condition of a volcano warrants 
evacuation; they must depend on the advice of scien- 
tists. At frequently active volcanoes, especially those 
where an observatory keeps the volcano under regular 
surveillance, the advice of the scientists is usually reli- 
able. At these volcanoes, procedures for a warning and 
subsequent decisions and actions are generally well es- 
tablished; familiarity and frequent practice aid officials 
in making sound decisions, Several correct decisions on 


warning and evacuation will build up public confidence 
and likely some tolerance for an occasional incorrect de- 
cision, Officials tend to lean toward the side of caution 
when issues of public safety are involved. The expenses 
incurred in unnecessary evacuations may help to con- 
vince officials that costs of volcano research are sound 
investments. But all should realize that even well-moni- 
tored volcanoes produce surprises. 

In contrast, at volcanoes that are little studied, infre- 
quently active, or believed to be extinct, the onset of 
unrest may cre ate confusion and uncertainty. Public of- 
ficials are likely to be unsure over the proper steps to 
protect the people and to uphold the public interest. 
They desperately need sound scientific advice, yet 
volcanologists brought in to evaluate such situations 
must often make conclusions based on inadequate data 
gathered quickly. Any resulting advice to officials may 
be heavily qualified with uncertainties. Unless mutual 
understanding has been established earlier, such advice 
may be perceived as inadequate or incompetent. During 
such situations, controversy may develop between sci- 
entists and public officials. Sometimes the officials want 
the scientists to make and be responsible for the deci- 
sions on evacuation and degree of allowable public ac- 
cess; more commonly the officials prefer not to relin- 
quish this authority. Such decisions involve economic 
and social consequences about which scientists gener- 
ally have little expertise, and the officials must weigh 
carefully the degree of hazard against the consequences 
of various choices. The volcanologists have the responsi- 
bility to state the degree of risk in language that is as 
clear and unambiguous as possible, recognizing that few 
officials are familiar with technical terminology or with 
scientific methods of judging uncertainties based on 
scant evidence. However, if evidence is compelling that 
hazards are severe or unequivocal, volcanologists must 
make this clear by making appropriate recommenda- 
tions. Yet all parties should understand that, unless au- 
thority is otherwise vested, the ultimate decisions about 
public safety are in the hands of the public officials, 

Interactions Between Volcanologists and the News 

Media 

Newspapers, magazines, television, and radio consti- 
tute the principal means by which people learn about 
potential or actual eruptive activity at any particular 
volcano. The degree and type of news coverage is deter- 
mined by the size and character of the volcano or erup- 
tion, its accessibility, and the size and distribution of the 
local population. Journalists are generally more inter- 
ested in the impact of an event on people than in the 
scientific aspects. Major eruptions in isolated regions of- 
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ten receive little or no notice by the press, whereas even 
minor events in populated areas receive much attention. 

It is important that public officials, property and land 
managers, and scientists have effective means for com- 
municating with the press, because the public welfare 
requires that prompt, reliable, accurate information be 
conveyed to the news media. Both public officials and 
large land managers deal with the press regularly, so 
channels and procedures are normally already in place. 
Volcanologists, however, may be unfamiliar with me- 
dia procedures, so it is important that they prepare 
themselves. 

If a group of scientists is studying an erupting volcano 
or one showing signs of erupting, it is well to designate a 
single member of the group to communicate with the 
news media; if the team is small the person may be the 
leader. Having a single representative ensures continu- 
ity and comistency and permits mutual confidence and 
rapport to develop while minimizing the chances for 
misunderstandings. Ideally this scientist-for-informa- 
tion is fully informed on the status of the volcano and on 
the activities, findings, and opinions of every team 
member and reports to the press regularly after consul- 
tation with the other scientists. Beports should be as 
complete and factual as possible, emphasizing what has 
happened and is happening. The scientist must be pre- 
pared on how to respond to questions regarding the tim- 
ing, nature, and magnitude of future events. These are 
important questions, and seeking their answers is one of 
the principal reasons for the scientists’ activities; yet 
most of the time these questions do not have clearly de- 
fined answers. The scientist must ‘till respond in a fac- 
tual, helpful manner, stating the range of possibilities 
and the degrees of uncertainty in terms of ongoing pro- 
cesses that are understood. Many reporters will be deal- 
ing with an unfamiliar subject, and information should 
be presented, insofar as possible, in straightforward, 
everyday language. The scientist should be patient with 
reporters as they learn and be genuinely concerned in 
helping them to produce complete and accurate stories. 
Honesty and sincerity inspire confidence from media 
members, which in turn enhances the quality of the 
news stories. 

Departures from this ideaj sometimes occur. Contro- 
versies between scientists may arise, sometimes when 
two or more groups come from different institutions or 
different countries. It is best to try to resolve such con- 
troversies privately. But if the news media learn of 
them, the controversies can still be handled construc- 
tively by showing that volcanology is a young, inexact 
science and that progress is made by testing opposing 
hypothesis. Sometimes, however, such public disagree- 
ments become antagonistic; the disagreement may rival 


the story of the eruption, relations between scientists 
and media deteriorate, the public becomes confused or 
angry, and scientists lose credibility. Such a controversy 
occurred at La Soufrlfere Volcano on Guadeloupe in 
1976 (Fiske, 1984). 

While constructive and mutually supportive relations 
between scientists and the news media are the ideal 
goal, it is sometimes not achieved. Most scientists who 
have experienced more than a few interviews can cite 
examples of misquotations, quotations out of context, or 
news stories that are flatly inaccurate. On the other 
hand, reporters have equally valid complaints about sci- 
entists who talk In obtuse language, refuse to see them, 
or are perceived to be arrogant. Differences in percep- 
tions and goals between scientists and journalists arc 
probably the cause of most of this antagonism and con- 
troversy. In an effort to help members of each group 
better understand the other, Table IS. 2 outlines some of 
the complaints scientists and journalists have expressed 
about each other. These problems stem partly from the 
basically different personalities attracted by the con- 
trasting professions. Their respective job requirements 
are different. Scientists must be accurate, analytical, 
and deliberate, and they must consider many lines of 
evidence before reaching conclusions. Statements of 
their conclusions are commonly hedged with qualifiers. 
In contrast, journalists must be quick and decisive, and 
while they strive for accuracy it must be achieved within 
a framework of perpetual deadlines. Further, they must 
quickly identify the key factors, emphasize them, and 
reduce a body of information to its simplest terms. Table 
15.2 is arranged to illustrate opposite but corresponding 
complaints, which demonstrate how mutual misunder- 
standings develop from particular situations. Obviously 
not every aspect of these problems can be covered in an 
abbreviated and generalized table, but even so it implies 
ways to improve understanding between scientists and 
journalists. 

When scientists understand the reporters’ needs to get 
quickly to the main point, they can dispense with 
lengthy preambles and excessive qualifiers. Scientists 
can minimize jargon and be sure that those technical 
terms that are necessary are clearly defined. It is useful 
for them to remember that they are not delivering a pa- 
per at a scientific meeting but instead are conveying in- 
formation, through the reporter, to people from all 
walks of life, Reporters in turn have the responsibility to 
strive for accuracy in expressing the. information. Noth- 
ing is more frustrating to the scientist than to find him- 
self misquoted or to have his statements used in a wrong 
context. He is put in the position of seeming to provide 
incorrect, perhaps damaging, information to the pub- 
lic. Reporters should not be reluctant to check back to 
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TABLE 15.2 Some Common Sources of Friction Between Scientists and Journalists 

Complaints by Scientists About Complaints by Reporters About 

Reporters Scientists 


We gel misquoted in news stories 

Reporters are too pushy and aggressive 

Reporters ore not satisfied with what we tell them; they are always 
looking for hidden angles; they are loo suspicious 

Muny reporters are poorly prepared; they know nothing about the sub- 
ject or even about wlmt bus already happened here 

Reporters interrupt our work schedules; they do not seem to see how 
they themselves are hindering us In trying to find answers to their 
{and everyone’s) questions 

Reporters do not really listen to the whole story we try to tell them; 
their coveruge is shallow; they omit the all-important qualifiers to 
our statements; they think all answers should be black and white but 
ignore all the intermediate shades of gray 

Reporters seek out differences of opinion between scientists and over- 
emphasize them; they try to make a story by fabricating discord 


Scientists talk in Jargon that no one else can understand 

Scientists are aloof, hard to reach, uncooperative 

Scientists do not tell the whole story, they hold hack and conceal infor- 
mation 

Scientists expect us to he experts in their subject, they are impatient in 
giving us the background we need 

Scientists do not understand the time deadlines under which we are re- 
quired to operate 

Scientists are too long-winded; they talk all around the subject und 
never get to the point, They do not understand that we need to use 
straightforward simple statements; we have to convert their compli- 
cated discourses to words that people curt read 

When we try to verify our story with a second opinion, we cannot gel 
any consistency between different scientists. How do we know who 
to believe? 


NOTE: This tabic shows examples of attitudes and actions dial lead to antagonism between scientists und Journalists, Their listing here is not 
intended as criticism of either group nor to fuel controversy, Instead they are intended to help each group recognize how its own attitudes and 
actions impinge on the other, thereby aiding members of each group to seek wuvs to improve the perceptions of the other. Happily, the complaints 
are not universal, and muny members of both groups understand and accommodate the others' viewpoints und requirements. 


verify the accuracy of their stories; scientists should wel- 
comesueh opportunities. Many of the hard-to-reach sci- 
entists about whom the reporters complain are those 
who have been embarrassed by past misquotations, 
These potential problems demonstrate the value of hav- 
ing a specified scientist to provide information; this per- 
son can become practiced in responding to reporters’ 
needs, seek ways to improve each presentation and 
avoid past mistakes, and build up friendly rapport. 
Likewise it is helpful if the same reporters stay on the 
story long enough to gain knowledge and build consis- 
tency; when new reporters are assigned, they can avoid 
many problems if they acquire appropriate background 
before starting their interviews. 

It is important that each group understand the work 
requirements and time schedules of the other. Newspa- 
pers and television have deadlines at different times, 
and neither necessarily fits the normal working schedule 
of a field volcanologist. When the scientific staff is 
small, stopping work to grant interviews interferes with 
the acquisition and interpretation of data. However, 
when both groups better understand the others' legiti- 
mate requirements and limitations, it is almost always 
possible for them to accomodate each other. When such 
cooperation is achieved, the public reaps the benefits. 


Summary of the Volcanologist’s Role in Enhancing 
Public Understanding 

People properly informed about the character and 
behavior patterns of volcanoes are best prepared to deal 
with volcano emergencies when they arise. Only near 
volcanoes that either erupt frequently or have just re- 
cently erupted, however, are members of the general 
public likely to have much awareness of volcano hazards 
(Murton andShimaburuko, 1974). In areas distant from 
volcanoes, or in areas near long-dormant volcanoes, 
people are unlikely to be aware of problems posed by 
volcanoes. Even at times of volcanic crisis elsewhere, the 
general reaction is commonly, “aren’t we lucky those 
things don’t happen here.*’ 

Among all groups of people, volcanologists and other 
earth scientists are the most likely to be aware of the 
troublesome potential of nearby volcanoes. Many recog- 
nize the responsibility to raise the general awareness of 
the hazards, yet their efforts are often misunderstood or 
misconstrued. For example, when the now-renowned 
report by Crandell and Mullineaux (1978) on volcanic 
hazards at Mount St. Helens first appeared, it received 
considerable local criticism for being scarey and poten- 
tially adverse to the economy. Then, in spite of the les- 
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sons learned at Mount St, Helens in 1980, a storm of 
criticism arose when a notice of potential hazard was 
issued in 1982 at Mammoth Lakes, California, in re- 
sponse to repeated earthquake swarms (the hazards arc 
summarized in Miller at al,, 1982), The warnings were 
perceived by some of the local population and the press 
as self-serving to the scientists as well as highly damag- 
ing to property values and local business. Even in Ha- 
waii, where, if anywhere, pec, should be aware of 
problems posed by volcanoes, a report describing vol- 
canic hazards of the Island of Hawaii (Mullineaux and 
Peterson, 1974) was severely criticized by some commu- 
nity leaders for depressing the local economy and ham- 
pering development in volcano-prone areas. Similar re- 
actions have occurred during recent seismicity and 
deformation at both .Rabaul, Papua New Guinea, and 
Pozzuoli, Italy, Such reactions demonstrate traits typi- 
cal of human nature and emphasize the attitudes of in- 
difference or hostility induced when receiving informa- 
tion about potentially unpleasant matters. 

They also underscore the challenge that faces scien- 
tists as they attempt to inform the public about volcano 
hazards. The importance of the message is great enough 
that the scientists must not only be willing to face the 
adverse reactions but also to persist in finding truly ef- 
fective ways of conveying information that is important 
to societal needs. Competent scientific information does 
little good if it is ignored, scorned, or disbelieved. It is 
important for scientists to be tactful, patient, and per- 
servering as they deal with the news media and public 
officials on matters concerning volcano hazards, They 
must find ways to employ the same qualities of innova- 
tion and resourcefulness that they normally display in 
scientific research if their hazard messages to the public 
are to be heard and heeded. 
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ABSTRACT 

Volcanic hazard studies for disposal of high-level radioactive waste pose a number of unique 
problems. These include the long time frame of hazard assessment (10 1 to 10° yr), the limited 
geologic record of volcanic activity at disposal sites and the political sensitivity of this national 
problem. The major variables affecting volcanic hazards are the structure of magma feeder 
systems at repository depths and the magma fragmentation arid dispersal energy of eruptions. 
The latter is generally controlled by magma composition and the presence or absence of ground- 
water. Long-lived volcanic fields (> 1 m.y.) provide the greatest potential risk for waste dis- 
posal, but these can be avoided by proper site selection. Short-lived volcanic fields are more 
difficult to avoid but are generally mafic in composition, which results in smaller disruption 
zones and explosive eruptions of lower energy than those of long-lived centers. 

Volcanic hazards are evaluated through risk assessment, which is a product of probability and 
consequences. These studies have been completed for a potential waste disposal site in the Ne- 
vada Test Site (NTS). Cenozoic voice nism of the NTS region is divided into three distinct epi- 
sodes. The youngest episode, 3.7 to 0.3 m.y., comprises scattered, monogenetic Stromboiian 
centers of small volume (<1 km 3 ). Rates of volcanic activity for the NTS region are estimated to 
be about 10 -B event/yr, based on vent counts through time and calculation of rates of magma 
production, The conditional probability of disruption of the possible waste disposal site at the 
NTS by basaltic volcanism is bounded by the range of lO - * 8 to 10“ 10 yr~ l . Consequences, ex- 
pressed as radiological release levels, were evaluated by assuming disruption of a repository by 
basaltic magmas fed along narrow dikes. Limits are placed on the volume of waste material 
incorporated in magma by analogy to the abundance of lithic fragments in basalt scoria and 
lava. These consequences would be increased if rising magma encountered water and produced 
magma/water vapor explosions, which can eject large volumes of country rock. Such a mecha- 
nism would be important only if the vapor explosions excavated a crater to repository depths (380 
m) — an unlikely event, based on the dimensions of hydrovolcanic craters. The total expected 
release from disruption of a repository by basaltic magma for a lO'-yr period is 1.8 Ci forspent 
fuel and 1.3 Ci for high-level waste. 
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INTRODUCTION 

Regardless of the current or future use of nuclear 
power reactors for the generation of electricity, one of 
the major national problems facing scientists across a 
range of disciplines is the safe disposal of high-level ra- 
dioactive wastes. (High-level radioactive waste refers to 
heat-producing waste.) By current definitions, this in- 
cludes two by-products of nuclear reactors — spent fuel 
assemblies and reprocessed spent-fuel assemblies. The 
current consensus of the scientific community is that the 
most viable means of waste isolation is through deep 
burial in selected rock formations. This is the present 
policy of the U.S. Department of Energy. The suitabil- 
ity of a number of sites for storage of high-level radioac- 
tive waste is now being actively investigated. Two of the 
sites that have undergone thorough geologic investiga- 
tions are the Hanford site in southern Washington 
(waste burial in the Columbia River Basalt) and the Ne- 
vada Test Site (NTS) in southern Nevada (waste burial 
in ash-flow sheets of the Timber Mountain-Oasis Valley 
caldera complex). 

Geologic investigations leading to selection of sites for 
burial of radioactive wastes pose several problems. 
First, detailed characterization of a block of the Earth’s 
crust is required on a level that is unprecedented in the 
science. This characterization has unique requirements. 
First, the repository block must be defined with a high 
degree of confidence, and yet penetrations of the block 
by exploratory drilling or tunnels must be limited so the 
integrity of the block is not compromised. This restric- 
tion requires an emphasis on geophysical techniques as a 
primary means of site exploration. Second, the potential 
effects of construction of a repository tunnel complex 
and the thermal disturbance of the rock from the em- 
placement of heat-producing waste must be evaluated 
with respect to induced changes that could alter the iso- 
lation properties of the rocks. Third, the rates of opera- 
tion of natural geologic processes on the block, such as 
groundwater movement and tectonic uplift or erosion, 
must be defined to evaluate the suitability of the block 
for containment of radioactive waste elements. Finally, 
possible future changes from naturally occurring but 
more catastrophic tectonic processes such as seismicity 
or volcanism must be evaluated for the required isola- 
tion period of high-level waste. This last topic, which 
falls in the regime of predictive geology is the focus of 
this paper. More and more frequently, geologists are be- 
ing asked by other scientists and the public to make spe- 
cific predictions on the future activity of geologic phe- 
nomena. Although some progress has been made in 
prediction of earthquake and volcanic activity, most 
predictions are valid for periods of months or at most a 


few tens of years. In contrast, geologic predictions re- 
quired for waste disposal must encompass a period of 
thousands of years. We have limited experience in the 
geologic methods used to make such predictions and 
even less experience in communicating and defending 
decisions based on geologic predictions in a public fo- 
rum. This chapter describes recent work concerned 
with prediction of tectonic processes for one specific 
problem — volcanic hazards related to permanent isola- 
tion of high-level radioactive wastes. Two topics are em- 
phasized: (1) the special problems posed by volcanic 
hazard assessment for waste disposal and (2) the use of 
risk- assessment techniques to evaluate volcanic hazards 
for the storage of high-level radioactive waste in tuff in 
southern Nevada (Nevada Nuclear Waste Storage Inves- 
tigations). 

SPECIAL PROBLEMS INHERENT IN 

VOLCANIC HAZARD ASSESSMENT FOR 

WASTE DISPOSAL SITES 

Perhaps the most novel aspect of volcanic hazard as- 
sessment for radioactive waste disposal is the length of 
time, for which hazards must be forecast , The required 
containment period of high-level v w five waste is 
10* yr as defined in the draft version < Environmen- 
tal Standards for Management and ^posal of Spent 
Nuclear Fuel, High-Level and Transuranic Radioactive 
Wastes [U.S. Environmental Protection Agency (1982) 
40 CFR 191]. This standard, which has not yet been for- 
mally approved, is based on a radiological comparison 
of the projected mass of radioactive waste [10 5 metric 
tons of heavy metal (MTHM)] with an equivalent 
amount of unmined uranium ore. A l(P-yr period has 
been chosen as the required interval for radioactive 
waste to decay to a level where the risk is about the same 
as the smallest estimate of the risk from an equivalent 
amount of uranium ore (EPA 520/1 82-025, p. 29). 
However, Bredehoeft el al. (1978) noted that 10* yr pro- 
vides adequate containment for the short-lived radionu- 
clides such as !m Sr or 131 Cs but allows for only a limited 
reduction in the potential hazards of long-lived radionu- 
clides like ,29 I. Gera (1982) argued that the waste should 
be allowed to decay until the radiotoxicity levels are 
equal to the levels from the amount of uranium con- 
sumed in a reactor. This would require an isolation time 
of about 10 5 yr. Whatever the required isolation period 
of high-level waste, this period becomes the minimum 
length of time for which future volcanic hazards must be 
forecast. Both 10' and 10 5 yr are long compared to the 
rates of operation of volcanic processes. 

The long time frame of hazard assessment is a special 
problem of waste disposal. There is neither an estab- 
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lished methodology nor scientific experience to draw on 
to test data conclusions. Because the regulatory guide- 
lines for volcanic hazards are general, it is difficult to 
decide what types of data best satisfy licensing require- 
ments. This ambiguity has led to increased pressure to 
quantify the interpretations because numeric data are 
more easily Judged in licensing decisions. However, no 
matter how the arguments are constructed, these calcu- 
lations have large uncertainties that are difficult to eval- 
uate within the constraints of the existing general guide- 
lines for site licensing. Moreover, the development of 
safe methods to permanently isolate radioactive waste is 
closely linked to the future use of nuclear power reac- 
tors, a highly sensitive national issue. Studies dealing 
with the suitability of a site for waste disposal are sub- 
jected to intense public scrutiny. 

Another problem that applies to most tectonic pro- 
cesses and to volcanism in particular is the relatively 
limited record used to forecast future activity. Licensing 
requirements of the U.S. Nuclear Regulatory Commis- 
sion {document 10 CFR 60) specify that a site under con- 
sideration for disposal of high-level radioactive waste 
must have limited Quaternary igneous activity. Al- 
though this is logical for siting considerations, it presents 
a dilemma for forecasting future rates of volcanism. Ei- 
ther subjective assumptions must be made to estimate 
numerical rates of volcanism from the limited Quater- 
nary record, or the time scale of the volcanic assessment 
must be lengthened to include more volcanic events. 
Neither approach is satisfactory and both increase the 
possibility that the data do not adequately represent 
possible future volcanic activity at a repository site. 


FORECASTING VOLCANIC HAZARDS: 

NATIONAL PERSPECTIVE 

Examination of the distribution of volcanic rocks in 
the United States shows that all Quaternary and, in fact, 
all major Cenozoic sites of volcanic activity are re- 
stricted to the western conterminous United States (for 
example, Suppe et al., 1975; Smith and Luedke, 1984). 
Giletti et al. (1978) noted that for the area east of the 
Rocky Mountains “. . . the probability for a magmatic 
incursion into a waste repository during the next million 
years has been taken as astronomically low, but numeri- 
cally uncertain.” The obvious conclusion, therefore, is 
that siting a waste repository east of the Rocky Moun- 
tains eliminates volcanism as a licensing issue. How- 
ever, all current potential waste disposal sites, w'ith the 
exception of an unspecified site in domal salt in Louisi- 
ana or Mississippi, are west of the Rocky Mountains and 
within the broad region identified by Smith and Luedke 


(1984) as having the potential for future volcanic erup- 
tions. 

Crowe (1980) reviewed the major factors controlling 
the disruption of a repository by volcanism. He noted 
that the significant variables are the structure of mag- 
matic intrusions or feeder systems at repository depths 
{ > 300 m) and the eruptive style of surface activity. The 
latter is generally controlled by magma composition 
and the presence or absence of groundwater. Magma 
feeder systems range from narrow dikes to diapirs; the 
controlling variables are the viscosity and yield strength 
of the melt and the rate of heat exchange between the 
wall rock and the magma. It must be possible for the 
magma to ascend to the surface before falling tempera- 
tures or crystallization prevent eruption (Wilson and 
Head, 1981). Basaltic magmas ascend along linear dikes 
because of their low viscosities and Newtonian fluid be- 
havior. Calculated ascent rates based on the presence of 
high- density nodules, geophysical data, and theoretical 
considerations are about 1 to 10 cm/sec (Crowe et al., 
1983b). In contrast, silicic magmas must ascend as 
diapirs as a result of their high viscosity. The rate of rise 
is controlled by the diapir size and the viscosity of the 
wall rock; ascent velocities are 10~ 2 to 10 -0 cm/sec 
(Marsh, 1984). 

Monogenetic volcanic centers are single-cycle volca- 
noes with eruptive durations of days, months, or years. 
Magmas associated with these centers are generally of 
basaltic composition with variations toward andesite. 
Field studies of the roots of monogenetic centers show 
that they are fed by narrow dikes (aspect ratios of 1CT- 
to 10” 3 ), which is consistent with their composition 
(Crowe et al., 1983b). Eruptive activity in these centers 
is transitory, and the flux of magma is insufficient to 
maintain a magma chamber at shallow crustal levels 
(Fedotov, 1981). The disruption zone associated with 
monogenetic volcanic centers is limited, therefore, to 
the feeder dikes. Magma along these dikes must directly 
intersect a repository to disrupt and disperse waste ra- 
dionuclides. In contrast, shield volcanoes, stratavolca- 
noer,, or large silicic centers, such as caldera complexes, 
are long-lived features with multiple eruption cycles 
and life spans of several million years. Field and geo- 
physical evidence shows that they are fed from shallow- 
reservoir magma chambers. The presence of shallow 
magma chambers, multiple feeder systems, and hydro- 
thermal circulation systems above a magma chamber 
means that the potential effect of repository disruption 
by these magmas is much greater than that by magmas 
from monogenetic volcanic centers. 

The potential effect of eruption mechanisms on dis- 
ruption and dispersal of the inventory of a waste reposi- 
tory is illustrated in Figure 16.1. This figure, which is 
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FIGURE 16,1 Classification diagram for 
pyroclastic eruptions (after Walker, 1973; 
Wright ct a)., 1980), The F is the weight per- 
cent of material finer than 1 mra on the axis of 
dispersal, where it is crossed by the 0.1T, ni „ 
isopach. The D is the area inclosed by the 
0.01T,,,,, isopuch. 
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used for classification of eruption types based on the 
properties of the pyroclastic component (Walker, 1973; 
Wright et al., 1980), can be viewed as a measure of the 
explosiveness of an eruption. Positive displacement 
along the x axis represents increased particle dispersal, 
and height along the y axis represents increased particle 
fragmentation. Volcanic eruptions of basaltic composi- 
tion have low dispersal and fragmentation values be- 
cause of their low water contents (0,1 to 2 wt. % ) , lower 
viscosities (IQ 2 to 10 3 P), and Newtonian fluid proper- 
ties. These eruptions fall into the Hawaiian and Strom- 
bolian fields in the lower left part of Figure 16.1. The 
limited dispersal and fragmentation characteristics of 
basaltic eruptions result in the smallest potential for dis- 
ruption effects should a repository be penetrated by ba- 
saltic magma. The only important exception is hy- 
drovolcanic activity, when basalt magma mixes at 
shallow levels with water and is fragmented and dis- 
persed by water/magma vapor explosions. These erup- 
tions have greatly increased particle fragmentation and 
somewhat increased dispersal and fall within the Sur- 
tseyan field of Figure 16.1. In marked contrast, ande- 
sitic to silicic volcanic activity spans the sub-Plinian, Pli- 
nian, Vulcanian, and Ultraplinian fields of Figure 16. 1. 
These eruptions have orders of magnitude greater dis- 
persal of pyroclastic debris than that of basaltic erup- 
tions. Silicic eruptions have the potential for disrupting 


the entire area of a waste repository and dispersing 
waste radionuclides on a global scale (Crowe, 1980). 

We thus have two end members of volcanic activity 
with very different potential effects on a buried radioac- 
tive waste repository: (1) monogenetic volcanoes of 
mafic composition, which have limited dispersal and 
disruptive effects, and (2) long-lived silicic volcanoes, 
which have large dispersal and disruptive effects. The 
potential risk from the latter type of volcanic activity 
can and should be greatly reduced by careful selection of 
sites for a repository. Large- volume, long-lived volcanic 
centers are generally confined to distinct volcanic zones. 
For example, continental arc volcanoes form aligned 
volcanic chains that are located above active subduction 
zones. The long-term existence of the arc itself and the 
host of tectonic features associated with an active sub- 
duction zone make arc volcanism relatively easy to rec- 
ognize and avoid (for example, the Cascade volcanic arc 
in the Pacific Northwest). Similarly, we now recognize 
that many if not all of the major silicic volcanic fields of 
the western United States exclusive of the Cascade chain 
(for example, the Jemez field in New Mexico, the Yel- 
lowstone field in Wyoming, and the Long V alley field in 
California) occur in distinct volcanic lineaments (Smith 
and Luedke, 1984). These volcanic zones appear to form 
from melting of the lower crust within areas of upwell- 
ing of mantle-derived basaltic magmas (Smith, 1979; 
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Hildreth, 1981), The large flux of basaltic magma re- 
quired to raise crustal rocks to their melting tempera- 
tures and the apparent need for extensional deformation 
to provide storage space for the basalts mean that sites of 
silicic magmatism are zones of high heat flow and tec- 
tonic activity. Again, these are relatively easy to recog- 
nize and avoid in selection of sites for waste storage. The 
problem of choosing a site for waste disposal in the west- 
ern United States and minimizing potential effects of fu- 
ture volcanism becomes a matter of determining the risk 
of future volcanic eruptions in recognized volcanic 
zones. 

SITE-SPECIFIC TECHNIQUES OF VOLCANIC 

HAZARD ASSESSMENT 

There are two methods for assessing the hazards of 
volcanism at a site being investigated as a repository for 
high-level radioactive waste. The first and generally 
more traditional approach is to study the past record of 
volcanism at and around a site by using the current tools 
available to geologic sciences (field mapping, geochro- 
nology, petrology, geochemistry, and geophysics). 
Whereas this approach provides essential data for un- 
derstanding the past record of volcanism, it does not 
provide a direct means for deciding whether volcanism 
represents a significant threat to waste disposal. Thesec- 
ond method, which is used increasingly in geological 
studies for waste disposal, is risk assessment (for exam- 
ple, Crowe and Carr, 1980; D’Alessandro et al , , 1980). 
In this sense, risk is defined as the product of probability 
and consequences, Probability determinations provide 
a means of specifying levels of risk as a function of time, 
and consequences give a perspective for judging accept- 
able probability levels. In the following sections, the use 
of risk assessment is described for a potential waste dis- 
posal site on and adjacent to the NTS. 

Volcanic Geology of the Nevada Test Site Region 

The NTS is located in southcentral Nevada approxi- 
mately 80 km northwest of Las Vegas (Figure 16.2). The 
current proposed site for burial of high-level radioactive 
wastes is Yucca Mountain, a linear range upheld by a 
thick accumulation of ash-flow and air-fall tuff and as- 
sociated volcaniclastic rocks derived from the Timber 
Mountain-Oasis Valley caldera complex (Christiansen 
et al., 1977). The identified volcanic hazards for the 
Yucca Mountain site are twofold: the hazards of future 
silicic volcanism and the hazards of basaltic volcanism. 
The hazards of silicic volcanism are considered to be 
negligible for a number of reasons (Crowe etal . , 1983a) : 


1. There has been no silicic volcanism within the 
NTS region for at least the last 7 million years (m.y.). 
The youngest silicic volcanic activity (7 to 8 m.y.) was 
associated with the Black Mountain caldera, which is 
located approximately 80 km north- northwest of Yucca 
Mountain. 

2. There has been a dramatic regional decrease, and 
in most areas a cessation, of silicic volcanic activity 
within the southern Great Basin during the last 10 to 20 
m.y. (Stewart etal., 1977). 

3. Silicic volcanic activity of Quaternary age is re- 
stricted entirely to the margins of the Great Basin. 

The hazards of basaltic volcanism are much more dif- 
ficult to define and have been the subject of detailed 
studies (Crowe and Carr, 1980; Vaniman and Crowe, 
1981; Crowe et al., 1982, 1983a, b), The NTS region is in 
a zone of active volcanism referred to as the Death Val- 
ley-Pancake Range (DV-PR) volcanic zone. This zone 
extends from the Lunar Crater volcanic field in central 
Nevada south-southwestward to southern Nevada and 
adjoining areas of eastern California (Figure 16.2). The 
zone merges at its southern end with the Western Cor- 
dilleran rift zone of Smith and Luedke (1984), The DV- 
PR volcanic zone has been active since the cessation of 
silicic volcanism in the southern Great Basin, about 8 
m.y. ago. At that time, basaltic volcanism surpassed si- 
licic volcanism in erupted volume. Centers of active ba- 
saltic and minor silicic volcanism shifted progressively 
to the margins of the southern Great Basin, whereas in- 
termittent activity continued within the DV-PR vol- 
canic zone (Croweei al., 1983a). Centers of Quaternary 
volcanic activity in the volcanic zone include the Cinder 
Hill scoria cone in southern Death Valley (0.7 m.y.), the 
Lathrop Wells scoria center (0.3 m.y.) located 20 km 
south of the waste disposal site at Yucca Mountain, four 
basalt centers (1.2 m.y.) aligned along a north-north- 
east trending arc in Crater Flat immediately west of 
Yucca Mountain, two small scoria cones named the 
Sleeping Butte cones (0,3 m.y.) located 10 km south of 
Black Mountain caldera, and at least 10 centers in the 
Lunar Crater volcanic field. 

Two major types of volcanic fields are present in the 
DV-PR volcanic zone. Type-I fields include long-lived 
volcanic fields that are active over a period of several 
million years. Mafic centers in these fields are clustered, 
with vent densities of 10 -i to 10 2 vents/km. Magma vol- 
umes of individual centers are approximately 1 to 2 km 3 , 
and the total volume of the fields exceeds 10 km 3 . The 
range of rock types in type-I fields includes basaltic an- 
desite and trachyte that probably evolved through frac- 
tionation from basalt and bimodal basalt-rhyolite as- 
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FIGURE 16.2 Generalized geologic map of 
the Death Valley-Puncakc Range volcanic 
zone. SWM: Stonewall Mountain; BM: Black 
Mountain; TM-OVi Timber Mountain-Oasis 
Valley caldera complex; YM: Yucca Moun- 
tain exploration block; DV: Death Valley; 
and CR: Coso Range. 
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semblages. Type-I volcanic fields in the DV-PR volcanic 
zone include the Green water and Black Ranges in south- 
ern Death Valley (8 to 4 m . y. ), the oldest episode of ba- 
saltic volcanism in the NTS region (11 to 8.5 m.y.), the 
Reveille Range (6 to 5 m.y.), and the Lunar Crater vol- 
canic field (4 tn.y. to Recent). Type-II volcanic fields 
include small- volume (<1 km 3 ) monogenetic centers, 
which , onsist of clusters of scoria cones and small-vol- 
ume lava flows. Vent densities of these fields are low and 
average about 10 -3 to 10 _i vent/km a . Lava composi- 
tions are predominantly hawaiite with lesser amounts of 
alkalic olivine basalt. The hawaiites tend to be of 
evolved composition (Vaniman et al 1982) with Mg 
numbers [Mg/{Mg + Fe 2+ )] generally <0.55. Parental 
basalts (Mg number >0.68) are rare. Type-II volcanic 
fields in the DV-PR volcanic zone include southernmost 
Death Valley, the NTS region, and Kawich Valley (Fig- 
ure 16.2), 


Crowe et al. (1983a) divided th j basaltic rocks of the 
NTS area surrounding the Yucca Mountain site into 
three episodes; each episode spans several million years 
and includes basalt from many eruptive centers. The 
volume relations of these episodes versus time are shown 
on Figure 16.3. The oldest episode of basaltic volcanism 
includes the basalts of the silicic episode, which erupted 
during the waning phase of silicic volcanic activity (11 
to 8.5 m.y.). These basalts form bimodal basalt-rhyolite 
centers that crop out in a northwest-trending zone ex- 
tending from the south moat zone of the Timber Moun- 
tain caldera to Stonewall Mountain (Figure 16.2), Vol- 
umes of basaltic magma associated with the basalts of 
the silicic episode are large, and individual centers ex- 
ceed 10 km 3 in volume. The basalts of the silicic episode 
were replaced gradationally in time by the older rift ba- 
salts. The older rift basalts are either distinctly younger 
than or spatially separate from the silicic volcanic cen- 
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FIGURE 16.3 Plot of mugma volume ver- 
sus time for volcanic episodes of the NTS re- 
gion. Volumes for the silicic episode are aver- 
age estimations for a 1 m.y. period. Volumes 
of the rift basalts arc for individual volcanic 
cycles, The identification of the volcanic hia- 
tus is based on extensive age determinations of 
volcuntc rocks in the NTS region. 


ters. They consist of small-volume (<1 km 3 ) mono- 
genetic Strombolian centers that erupted during the 
probable peak of extensional faulting. Magma volumes 
during this episode declined drastically, then stabilized 
at low but uniform rates (Figure 16.3). There was a 
brief but important pause in volcanic activity between 
6.5 and 3.7 m.y. This hiatus was followed by eruption of 
the younger rift basalts. These basalts form widely scat- 
tered, small- volume centers identical to those of the 
older rift basalts. They are separated from the older rift 
basalts on the basis of their age (3,7 m.y, to Recent) and 
their enrichment in incompatible trace elements, with 
the exception of Rb (Vaniman eiaZ,, 1982), The younger 
rift basalts record an interval of declining magma pro- 
duction rates (Figure 16.3). The decline may coincide 
with a declining rates of tectonism in the NTS region 
and increased activity in the adjoining southwestern 
areas of the Great Basin (Death Valley and Owens Val- 
ley, Figure 16.2), 

Figure 16.4 is a geologic map of the Lathrop Wells 
center. This center illustrates a number of characteristic 
features of Strombolian centers of both the younger and 
older rift basalts. Each center consists of a main scoria 
cone flanked by several smaller satellite cones. The sat- 
ellite cones are generally older and are located south or 
southeast of the main scoria cone. This suggests a north 
to northeastward migration of active vents during an 
eruption cycle. The number of vents per center averages 
2 to 3 for the Quaternary centers of the NTS region 
(Crowe el ah, 1983b) . Blocky aa lava flows vented from 
the flanks of the main scoria cone and traveled short dis- 
tances. Measured flow lengths of Quaternary flows in 
the NTS region range from 0,6 to 1.9 km with a mean 


length of 1. 1 km. It is inferred that scoria fall sheets ex- 
tended downwind from the main scoria cone. These are 
entirely removed by erosion at all but the youngest cen- 
ters in the NTS region. The only exception is the 
27Q,G00-yr-old scoria fall sheet of the Lathrop Wells 
center, and only minor remnants of this sheet are pre- 
served, The cumulative volume of individual centers in 
the NTS region (dense rock equivalent) was calculated 
assuming a scoria fall sheet-to-cone ratio of 5t 1 . Magma 
volumes for the Quaternary cones of the NTS region 
range from 10 5 to 10 s m 3 with a mean of 3 X 10 7 (Crowe 
etal., 1983b, p. 269), 


PROBABILITY AND CONSEQUENCE 

ASSESSMENT 

Probability 

Several aspects of the history of basaltic volcanism in 
the NTS region provide justification for a probabilistic 
approach to volcanic hazards. First, there has been a 
consistency or decline in the rates of basaltic volcanism 
for the past 8.5 m.y. Second, all basalt centers formed 
during the past 8.5 m.y. are small-volume Strombolian 
centers. Third, the petrology of the erupted basalts is 
broadly similar throughout this period, which is indica- 
tive of similar conditions of magma genesis. The consis- 
tency in rates, eruptive style, and petrology for this ex- 
tended period provides a basis for forecasting rates of 
future volcanism for the required containment period of 
high-level radioactive waste. 

The probability of disruption of a repository by basal- 
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FIGURE 16,4 Geologic map of the Lathrop Wells basalt center located 20 km south of Yucca Mountain. From Vanlman and Crowe (1981). 


tic magma can be formulated as a case of conditional 
probability 

Pr = { E2 given £1}, (16.1) 

where Pr is the probability of repository disruption, £1 
is the rate of occurrence of volcanic events, and E 2 is the 
probability of intersection of a repository by magma, 
given El. This probability can be expressed as (Crowe 
etal., 1982) 

Pr [no disruptive event before time t ] 

= exp(-Xtp), (18.2) 

where X is the rate of volcanic activity and p is the prob- 
ability that an event is disruptive. This formulation as- 
sumes that the time between events is exponentially dis- 
tributed, and the number of events in time intervals of 
length t has a Poisson distribution with a mean of Xf. 
The p can be estimated as the ratio a! A, where a is the 
area of a repository or of an assigned volcanic disruption 
zone (whichever is larger) and A is some minimal area 
that encloses the repository and the volcanic events used 
to describe X. For the case of basaltic volcanic activity, a 
is the area of the repository. It is estimated to be about 6 
to 8 km 2 , based on the size of the exploration block at 
Yucca Mountain (Crowe el al . , 1982) . The A can be se- 


lected in a number of ways. Crowe and Carr (1980) de- 
fined A as the area enclosed by circles of 25- and 50-km 
radii with centers at the Yucca Mountain exploration 
block. This approach, although computationally sim- 
ple, does not consider the spatial trends in the distribu- 
tion of volcanic centers that are controlled by tectonic 
features. Crowe et al, (1982) developed a numerical ap- 
proach to find the minimum area circle and the mini- 
mum area ellipse that contain the volcanic centers of 
interest and the repository site. Differing combinations 
of ellipses and circles were obtained using geologic as- 
sumptions concerning the tectonic setting of volcanic 
centers. Disruption probability values are calculated 
and tabulated in table form (Crowe et al. , 1982) , which 
allows a range of values p to be used in Eq. (16.2). The 
preferred definition of p is based on the distribution of 
volcanic centers in the DV-PR volcanic zone. 

The most difficult parameter to estimate for proba- 
bility calculations is X, the rate of volcanic activity. Ide- 
ally, rates should be determined from an understanding 
of the controlling processes of volcanic activity. Al- 
though this is not now possible, a number of studies sug- 
gest that rates of volcanism are related in a direct but as 
yet poorly understood way to the regional stress-strain 
pattern. That is, rates of volcanism, similar to regional 
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seismicity, reflect the degree of tectonic activity of a re- 
gion. For example, Shaw (1980) related rates of magma 
production at Hawaii to seismic moment — a measure of 
the volume change represented by the release of seismic 
energy. He assumed that the potential energy available 
in a tectonic system may be released through both seis- 
mic radiation and the generation and ascent of magma. 
The demonstration of a connection between the release 
of seismic energy per year and the annual rate of magma 
production suggests that the two tectonic processes are 
closely related and that, by inference, magmatism may 
be an important process in regulating mantle stress lev- 
els (Shaw, 1980, p. 259) . Similarly, Feigensen and Spera 
(1981) recognized a correlation between the occurrence 
of tholeiitic and incompatible-element-enriched alkalic 
magmas and eruption frequency in Hawaiian lavas. 
They related magma production to shear-stress defor- 
mation (viscous deformation of Shaw, 1973) and sug- 
gested that a reduction in shear stress caused a decrease 
in the degree of partial melting and an increase in the 
time between eruptions. Bacon (1982) documented a 
time-predictable relation among the basalts and high- 
Si0 2 rhyolites of the Coso volcanic field. He suggested 
that the magma production rate for the field is con- 
trolled by a constant strain rate. A minimum strain 
value equal to the failure strength of the crustal rocks 
must be exceeded to allow ascent of magma. 

These studies, although promising, are not yet suffi- 
ciently developed to allow estimates of volcanism rates, 
particularly for relatively inactive regions such as the 
NTS. We thus are forced to forecast future rates of vol- 
canic activity on the basis of past activity. Crowe et al. 
(1982) estimated rates of volcanic activity in two ways: 


through counts of age-controlled volcanic centers and 
through variations in magma volume versus time. The 
first technique involves field mapping vent zones for 
Quaternary volcanic centers. Each vent is treated as one 
volcanic event, and time control Is provided by the K-Ar 
age and the magnetic polarity of the volcanic center. A 
somewhat similar approach, with less rigorous age con- 
trols, was used to determine the probability of faulting 
for a potential waste disposal site in Italy (D’Alessandro 
etal., 1980). Estimated rates of volcanic activity are cal- 
culated by counting vents within the areas defined in the 
determination of A. These rates during Quaternary time 
(<1.8m.y.)areabout8 X 10” e volcanic events per year 
for the NTS region, 7 X 10" 5 volcanic events per year 
for the DV-PR volcanic zone, and 8 X 10~ 5 volcanic 
events per year for the southern Great Basin (Crowe 
et al ., 1982). The latter two calculations are strongly 
effected by the high cone density of the Lunar Crater 
volcanic field at the northern end of the DV-PR volcanic 
zone. 

The calculation of volcanic rates by using rates of 
magma production is based on Figure 16,5, an ex- 
panded version of Figure 16.3. Figure 16.5 shows 
magma volume (dense rock equivalent) versus time for 
the past 3.7 m.y. The basaltic eruptions show a linear 
decrease in magma volume with time. Regression analy- 
sis, treating magma volume as the dependent variable, 
gives a coefficient of determination of 0.8 and a rate of 
magmatic production of 210 m 3 /yr. This magma pro- 
duction rate is used to calculate the times required to 
generate magma volumes that are equal to representa- 
tive volumes of past magmatic cycles in the NTS region. 
These times, corrected for the time since the last basaltic 
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FIGURE 16.5 Plot of magma volume 
(dense rock equivalent) versus time for the 
younger rift basalts. Error bars for time are 
the standard deviation (1 ) of replicate age de- 
terminations. Error bars for the volume are 
estimates of errors in volume calculations. 
From Crowe el al. (1982). 
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eruption (2.7 X 10 5 yr) give predicted occurrence times 
or rates of future activity (Crowe etal., 1982), 

The conditional probability for the combined occur- 
rence of a future basaltic event and that event to directly 
intersecting a buried radioactive waste repository at 
Yucca Mountain is calculated using Eq. (16.2) and the 
data tables for \ and p, Because of the large uncertain- 
ties in the probability calculations, little emphasis is 
placed on individual calculations. Rather, a range of 
probability values is assembled by using a matrix of area 
ratios and rate determinations. Probability bounds are 
established by the extremes of the calculated probabili- 
ties. These bounds are 5 X 10" H to3 X 1Q -I0 yr"' for the 
Yucca Mountain site (Crowe et al., 1982). 

Consequence 

Consequence analysis involves identification of vol- 
canic processes that could lead to failure of a waste-iso- 
lation system and calculation of the results of failure ex- 
pressed as radiological levels of released waste elements, 
Crowe et al. (1983b) suggested that the most likely event 
to affect a buried repository at Yucca Mountain would 
be intrusion of the repository by rising basaltic magma, 
followed by Strombolian eruptions of waste-contami- 
nated magmas. They argued, based on field evidence, 
that the most likely intrusion structure for basalt at re- 
pository depths (>300 m) would be linear dikes, that 
there would be 2 to 3 dikes per volcanic event, and that 
the dike widths and lengths would be 0.3 to 4 m and 0.5 
to 5 km, respectively. Using these background parame- 
ters, the important questions become! (1) How much 
waste material would be incorporated in the basalt 
magma, and (2) how would the waste material be dis- 
persed with the magma at the surface? 

The mechanisms of intrusion of basalt magma into a 
waste repository are difficult to predict. Magma could 
completely flood a repository tunnel or intrude as nar- 
row dikes with the only magma/waste contact being 
along the dike walls. In either case, the number of waste 
canisters that would be contacted by magma and poten- 
tially carried to the surface ranges from 0 to more than 
400 (Logan et al., 1982). It is possible to establish limits 
on the volume of waste material incorporated in basalt 
magma by assuming that the repository is intersected by 
a dike of random orientation and tracing the pathways 
of waste incorporated in magma through analogy with 
the distribution oflithic (country-rock) fragments in ba- 
salt scoria. Studies of the distribution of these fragments 
in basaltic rocks revealed that they are derived from 
shallow levels and are concentrated in the pyroclastic 
component (Crowe etal., 1983b), This latter conclusion 
is based on the fact that particles in a magma exsolving 


volatiles are preferential sites of bubble nucleation 
(Sparks, 1978) and that lithic fragments are present in 
small amounts in cone scoria but are extremely rare in 
luva. Two mechanisms are proposed for the incorpora- 
tion of lithic fragments in basaltic magma: (1) during 
magma fragmentation when the gus-to-magma rutio 
reaches 0.75 and the magma disrupts (Wilson and 
Head, 1981) and (2) during hydrovolcanic explosions as- 
sociated with a predominantly Strombolian eruptive cy- 
cle, Assuming that waste particles are dispersed in an 
eruption in the same pattern as country-rock lithic frag- 
ments would be, Crowe et al. (1983b) calculated that 
600 to 1100 m 3 of a repository inventory would be dis- 
persed in a pyroclastic eruption. Of that inventory, 15 to 
20 percent will be deposited in the scoria cone (less than 
1 percent will be exposed at the surface during a time 
period of 10 1 yr), 50 to 80 percent will be deposited in 
the scoria fall sheet, and 2 to 5 percent will be regionally 
dispersed with the fine-grained particle component 
(windborne), These calculations are based on an aver- 
age lithic fragment abundance of 0.032 percent by vol- 
ume in studied scoria deposits of the NTS region and the 
San Francisco volcanic field in northern Arizona 
(Crowed al., 1983b), 

An additional eruptive process in basaltic eruptions is 
hydrovolcanic vapor explosions. This type of eruption 
occurred at three basalt centers in the NTS region dur- 
ing the past 10 m.y. The increased dispersal distance 
and the greater particle fragmentation of hydrovolcanic 
explosions, as noted previously, could greatly increase 
the consequences of repository disruption. Crowe and 
Carr (1980) originally argued that hydrovolcanic activ- 
ity was unlikely at Yucca Mountain, This was based on 
the depth to the groundwater table at Yucca Mountain 
(>300 m below the surface) and the lack of surface wa- 
ter as a result of the arid climate and steep drainage gra- 
dients. Moreover, the moisture content of the unsatu- 
rated zone at Yucca Mountain is insufficient to allow 
initiation or maintenance of hydrovolcanic explosions 
except under extreme saturation conditions (Crowe et 
al., 1983b), New data on hydrovolcanic activity have 
caused re-examination of this question. Although field 
evidence indicates that lithostatic load has an inhibiting 
effect on the formation of hydrovolcanic activity (prob- 
ably because the vapor phase of water is suppressed),, 
this may not always be the case. In the geologic setting of 
Yucca Mountain, groundwater may mix in a supercriti- 
cal state with magma below the repository level. As the 
magma/water mix ascends and the pressure drops, va- 
por explosions may occur throughout an interval ex- 
tending from the water table through the repository ho- 
rizon to the surface. Studies of fuel-coolant interactions 
and experimental work using thermite melt mixed with 
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water to simulate volcanic eruptions (Wohletz and 
McQueen, 1984) show that the mujor control of hy- 
drovoleanic explosions is the mass ratio of water to 
magma. Eruptions may vary between Surtseyan and 
Strombolian, depending on this ratio. The optimum ra- 
tio for development of Surtseyan explosions is about 0.3 
(Wohletz and McQueen, 1984), 

The occurrence of lithic fragments in basalt scoria of 
the Lathrop Wells center may be due, as noted above, to 
hydrovolcanic explosions. Such explosions would re- 
quire a water-to-magma ratio of less than about 0.3 so 
that the eruptions would have been predominantly 
Strombolian with only a minor hydrovolcanic compo- 
nent. This is suggested by the irregular distribution 
of fragments in scoria (intermittent explosions) and 
the fact the initial eruptions of the center were 
hydrovolcanic (Vaniman and Crowe, 1981). If it is 
assumed that the fragments were produced by a 
hydrovolcanic component, possible effects of hydro- 
volcanic explosions were included in the calculations of 
lithic fragment abundance. In this case, the conse- 
quences of a hydrovolcanic component can be shown to 
be small (Logan et ah, 1982). A more extreme case, hav- 
ing major negative consequences for waste isolation, 
would be the possibility of exhumation of a buried re- 
pository during crater-forming hydrovolcanic explo- 
sions. This possibility is tested by data summarized in 
Figure 16.6, which is a relative-frequency diagram of 
crater depth for hydrovolcanic centers (maars and tuff 


rings) based on the data of Pike and Clow (1981), The 
crater-depth data are positively skewed, and the mean 
depth is 91 ± 67 m . The average depth to the repository 
horizon at Yucca Mountain is about 380 m (the depth 
varies throughout the exploration block because of the 
6 to 8° eastward dip of the currently favored repository 
horizon), A depth of 380 m is greater than 4 standard 
deviations from the mean depth of hydrovolcanic cra- 
ters and exceeds the maximum listed crater depth in the 
data catalog of Pike and Clow (198 1) . The low probabil- 
ity of repository disruption (10 _fl to 10~ 10 yr -1 ), coupled 
with the low probability of exhumation of a repository 
by explosive cratering, suggests that the risk of hy- 
drovolcanic explosions is of limited concern at Yucca 
Mountain. 

The radiologic consequences of basaltic volcanism 
have been calculated for the disruption of two hypothet- 
ical repositories, both located at Yucca Mountain (Lo- 
gan et ah, 1982). The first contained unreprocessed 
spent fuel and the second reprocessed waste. The calcu- 
lations assumed a repository storage capacity of half the 
estimated volume of spent fuel or reprocessed waste gen- 
erated by commercial power reactors through the year 
2000. It was estimated that the repository area would be 
1640 m 2 and would contain waste aged for 10 yr at the 
time of emplacement. A range of geometric arguments 
is used to determine the number of canisters that would 
be intersected by a linear basalt dike. The preferred ap- 
proach was to assume a random orientation of the dikes 



FIGURE £6.6 Relative-frequency diagram 
of crater depth for hydrovolcanic craters. The 
data are positively skewed with a mean of 91 
m. Repository depth is the estimated uverage 
depth to the repository horizon at Yucca 
Mountain. Maximum crater depth is the 
deepest measured crater, Data on crater 
depths are from Pike and Clow (1981). 
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encountering the repository tunnel complex. Accord- 
ingly, magma would intersect about seven canisters of 
spent fuel and about one eannister of high-level waste- 
equivalent to an inventory fraction in both cases of 
about 8 X 1Q“ 3 (Logan etal., 1982, p. 32) , There arc no 
data on the behavior of a waste canister in rising and 
vesiculuting magma. Therefore, it was assumed that all 
waste contacted by magma would be incorporated uni- 
formly in the magma and carried to the surface to be 
erupted preferentially with the pyroclastic component. 
Radiological dose was examined in two forms: the dose 
resulting from the waste entrained in the basalt eruption 
column and the dose resulting from exposure to waste- 
bearing scoria deposits, resuspended particles, and 
radionuclides entering the food chain. Population, agri- 
cultural, and meteorological data from Yucca Moun- 
tain were used to calculate doses from the airborne com- 
ponent. The worst case for the airborne dose resulted in 
a cumulative total of 25 health effects in 10 s yr (Logan et 
al., 1982, p. 6). Dose effects were calculated from scoria 
deposits that formed the scoria cone and the scoria fall 
deposits downwind of a hypothetical eruption and in- 
clude effects of erosional transport duringaperiodoflO 0 
yr. The worst case here yields about 2800 health effects 
in 10 G yr. Finally, Logan et al, (1982) calculated the to- 
tal activity that would be transported to the surface, 
normalized to 10 3 MTHM, The values vary for the type 
of waste and the time of eruption relative to emplace- 
ment and closure of the repository. Stepwise integration 
of the release fraction by radionuclide with the annual 
probability of volcanic disruption of a repository using 
the computer code AMRAW (Logan and Berbano, 
1978) gives total expected releases as a function of time. 
The total expected release for 10 1 yr is 1 .8 Ci or 0.038 Ci/ 
10 3 MTHM for spent fuel and 1.3 Ci or 0.034 Ci/10 3 
MTHM for high-level waste (Logan et al., 1982, 
p. 163). 

DISCUSSION 

A variety of evidence shows that there is a finite risk of 
volcanism with respect to storage of radioactive waste at 
Yucca Mountain. In particular, the site is located in a 
zone of active volcanism— the Death Valley-Pancake 
Range volcanic zone and five Quaternary volcanic cen- 
ters (1.2 to 0.3 m.y.) are present within a range of 8 to 20 
km of the exploration block. Geologic data show that 
there has been a consistency in the rates, eruptive style, 
and petrology of basaltic volcanism in the NTS region 
for the past 8 m.y. Volcanic activity in the region was 
characterized by formation of scattered small-volume 
Strombolian scoria cones and lava flows, Rates of vol- 
canism have been low, and there is some evidence of a 


decline in the rate of magma production during the past 
3.7 m.y. The consistency in the geologic record provides 
some degree of confidence that future volcanic patterns 
can be projected for periods of 10 l to 10 5 yr. These cir- 
cumstances provide a reasonable b asis for applying risk- 
assessment techniques to define the magnitude of vol- 
canic hazards. Probability estimates of the likelihood of 
the combined occurrence of a future volcanic event and 
the likelihood that the volcanic event will intersect a 
buried repository at Yucca Mountain are very low- 
10 -8 to 10“ iu per year. The consequences of penetration 
of a repository by basaltic magma followed by eruption 
of the magma at the surface are limited, perhaps sur- 
prisingly limited. This is due to the small subsurface 
area of basalt feeder dikes, the probable limited intru- 
sion effects of these dikes, and the limited surface disper- 
sal of basaltic particulates in Strombolian eruptions. 
The combination of the low probability and limited 
consequences indicate that the risk of volcanism at this 
particular site is low. 

The suitability or unsuitability of the Yucca Moun- 
tain site will be decided by the U.S. Nuclear Regulatory 
Commission if the Department of Energy recommends 
the site as a formal candidate for a waste repository. 
Certainly many other criteria other than volcanism will 
be considered in any licensing decisions; this paper em- 
phasizes the methods followed to define the magnitude 
of volcanic hazards. In the Nevada case, geologic, geo- 
chronologic, petrologic, geochemical, and geophysical 
data are used in combination with techniques of risk as- 
sessment to evaluate volcanic hazards, Some but not all 
of these methods may be useful for hazard assessment at 
other sites under consideration for disposal of high-level 
radioactive waste. 

How reliable are the geologic data used for risk assess- 
ment? Certainly the field, geophysical, and laboratory 
data have been gathered as carefully as possible, and the 
reliability of this work must be judged by research stan- 
dards established in the current geologic literature. Re- 
search data have been evaluated at review meetings 
where hazard data v/ere presented to a panel of scien- 
tists. The volcanic hazard work, has als;- been published 
in the scientific literature to provide a wide exposure to 
the scientific community. An additional item of concern 
is the built-in bias in the work. That is, the purpose of 
the Nevada Nuclear Waste Storage Investigations is to 
attempt to find and prove a site for disposal of radioac- 
tive waste. As studies of a site progress and increased 
funding is invested, there is mounting pressure to 
“prove” the site. The presentation of both positive and 
negative evidence of the hazards of volcanism (Crowe et 
al., 1983b) is an attempt to overcome this bias. 

There is a continuing controversy over the use of 
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probabilistic studies in geology. Indeed, the special 
problems of hazard prediction in waste disposal have 
brought this question to the forefront (for example, 
Marsily and Merriam, 1982). Questions have been 
raised whether geologic process are truly random and 
suitable for probabilistic analyses (D’Alessandro and 
Bonne, 1982). Certainly, with respect to the Nevada 
work, the dntu used for probability calculations are lim- 
ited at best. The number of data points for rate calcula- 
tions are small, and it is difficult to include effects of 
tectonic setting in localizing sites of volcanism, What is 
the time sensitivity of the data? For the Nevada site, fu- 
ture rates of volcanism are forecast on the basis of the 
geologic history of the region during the past 3.7 m,y. 
The isolation period of radioactive waste is 3 to 0.3 per- 
cent of this time, and, thus, it is not clear how sensitive 
this approach is to short-term variations in tectonic pro- 
cesses. Because of these data uncertainties, the probabil- 
ity is presented as a range spanning 3 orders of magni- 
tude and the data assumptions are biased toward the 
worst case to provide conservative estimates (Crowe et 
al., 1982). Similar questions are raised about the results 
of consequence analyses. The detailed effects of intru- 
sion of a repository by volcanism are not clear. Varia- 
tions in the strike of linear dikes intersecting a repository 
result in differences in the number of contacted cannis- 
ters, ranging from 0 to more than 400 (Logan et al 
1982). Equally, we can only speculate how wuste could 
be incorporated in a magma. It may be maintained in its 
cladding, may be fragmented as a particulate, or may 
be geochemically dispersed in the magma. Any of these 
possibilities results in major changes in the calculated 
radiological dose levels through time. 
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definition, 5, 51-52 
detection methods, 50-51 
geodetic indicators of, 53 
geologic indicators of, 52 
geomorphic indicators of, 52-53 
in interplate regions, 49 
in San Francisco Bay area, 157 
in Transverse Ranges, 24 
landform indicators of, 52 
parameters for estimating earthquake 
magnitudes, 55 
patterns of, 12 
related to folding, 63-77 
secondary ruptures along, 47-48 
seismological indicators of, 53-54 
societal implications of, 75-77 
stratigraphic relations along, 10 
surface rupture by, 47—18 
sympathetic offsets on, 48 
trenching across, 152 
Active tectonics 

alluvial river response to, 80-92 
definition, 3, 5 

evaluation techniques, 3, 9-12, 42, 
137-139 

forecasts, 3, 4, 11, 16 
future concerns, 9 

geodetic measurement of, 4, 10, 155-163 
geomorphic analyses of, 4, 11 
geomorphic evidence of, 81-85, 136-146 
impact on effective use of rivers and 
canals, 85-92 
impacts on society, 1 2-17 


indicators of, 52-53, 81, 84-85, 137-140, 
142 

investigation via surficial earth processes, 
136-146 

process response models In, 141-146 
rates of, 141-146 

research priorities and actions, 17-19, 
120, 148-152 

seismological and palcoscismological 
research techniques in, 148-152 
time period of analysis, 4, 9-10, 21 
volcanlsm in context of, 232-233 
sec also Coastal tectonics; Tectonic 
listings 

Adirondack Dome, 31, 33, 39 
Afterslip, 32, 165, 166, 171, 173-175 
Alaska 

crust deformation in, 45 
Cult of, 111-112, 119 
seismic gaps near, 57 
strandlines in, 1 15 
uplift in, 37, 97, 115, 118-119 
Alaska-Alcutian seismic zone, earthquakes 
along, 58 

Alluvial fans, 139-140, 141 
Alluvial rivers 

drainage pattern disruptions, 81 
response to active tectonics, 80-92 
sec also Channels 

Amino acid racemization, 197, 199, 201, 
206 

Appalachian Mountains, uplift of, 37, 39 
Arching, of Gulf Coastal Plain, 38 
Ash, volcanic 

dating, 133, 134, 210 
Asthenosphcric humps, 40 


Australia, northeastern, character of 
coastline, 97 
Avalanches, 235 
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Baja California, tectonic activity of, 21-22 
Barbados, slrandlincs of, 100, 107 
Basalt flows 
dating by, 133-134 
see also Lava flows 

Basin and Range province, 127-129, 135, 
190, 192, 211 

Bay of Bothnia, character of, 98 
Benioff-Wadati zone, 57-58 
Beryllium- 10 dating, 205, 212 
Big Colewa Creek 
channel profile of, 89 
effect of Monroe Uplift on, 89-90 
Boeuf River, channel profile of, 89 
Bogue Homo Creek, effect of Wiggins 
Uplift on, 90-91 
Boreholes, 51 

Boso Peninsula, Japan, 200, 202 
British Columbia Coast Mountains, uplift 
activity in, 26 
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Calderas, 36, 104-105, 234-235 
California 

active strike-slip faulting in. Ml 
active-tectonic realms of, 20-26 
borderland, tectonic activity of, 23 
Coast Ranges, tectonic activity of, 25 
coastline displacement, 107 
Culf of, tectonic activity of, 21-22 
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seismic monitoring network in, 159 
strandlines, 96, 101, 10S, 113-114 
vertical displacements in, 7 
see also Baja California 
Canals, impact of active tectonics on, 85, 92 
Carbon-14, 56-57, 152, 197-202, 203, 213 
Cascade Range, 26, 57 
Channels 

classification of, 82 
effect of uplift on, 90 
modifications of, 81 
pattern changes, 82-85 
profile of, 134 

source of morphologic changes in, 91 
Chronology 

Pleistocene to Holocene, 146 
see also Varve chronology 
Climate, effects of on geomorphic processes, 
8-9, 37, 52, 84 
Coastlines 
active-tectonic, 98 

morphology and tectonic setting, 96-98 
see also Strandlines 

Columbia River Basalt, radioactive waste 
disposal in, 248 

Consequence assessment, 256-258 
Cratons 

earthquakes in, 31 
North American, 20 
vertical motions of, 30-32 
Creep, 48, 140, 151, 152, 165-166, 169, 

171, 173-174, 185-187 
Creepmeters, 7, 10, 53, 169 
Crust 

dynamics, studies of, 11 
extension patterns, 6, 21, 27 
horizontal displacement of, 167— 1 69 
loadings, 36-37 

lower, magma intrusion into, 40 
movements in coastal areas, 104 
shortening, 6, 27 

vertical displacements of, 7, 103-107, 

112, 169-171 
see also Hot spots 
Crust deformation 
documentation of, 26-27 
importance of studies on, 20-21 
types, 5-6 

Crustal blocks, see Plates 

D 

Dams, Auburn thin arch, 12-13, 14, 47, 
215-216 
Dating 
annual, 197 

by basalt flows and volcanic ash deposits, 
133, 134, 210 
by deformation rate, 199 
by deposition rate, 199 
by fossils and artifacts, 200, 210 
by geomorphic position and incision rate, 
199 


by historical records, 197, 198 
by progressive lundform modification, 
199, 208 

by rock and mineral weathering, 199, 
206-207 

by soil development, 197, 199, 207-208 
by tektltes, 200 

carbon-14, 56-57, 152, 197-202, 203, 213 
coastal area deformation, 203, 206 
control of, 209 

correlation methods, 209-210 
cosmogenlc Isotope, 198, 205 
desert environments, 207 
episodes of faulting, 200 
fault scarps, 189-193 
fission-track, 197, 198, 204 
glaciations, 207 
landforms, 126 
methods, 195-213 

morphologic, of fault scarps, 181-193 
paleoseismotogica) techniques, 151 
Pleistocene strandlines, 100-102 
potassium-argon, 197, 198, 204 
prehistoric faults, 156, 197, 200 
problems, 200-202, 203, 212-213 
Quaternary, 52, 135, 205 
radiometric, 75, 102, 103, 118, 197-205 
research priorities on, 17 
sedimentary materials, 205 
spanning different time intervals, 

210-212 

stable isotope, 200 
uranium series, 197, 198, 202-204 
uranium-trend, 197, 198, 205 
Death Valley, alluvial fans In, 139 
Deformation 
coseismic, 32, 41, 156 
ground, measurement of, 239 
interseismic, 34 
permanent, 156, 160-162 
postseismic, 32 
preseismic, 32, 34 
societal impact, 158-160 
tectonic, 48 

see also Crust deformation; Earthquakes; 
Faulting/Faults 
Deformation rates 
dating by, 199 
irregularities in, 158-160 
monitoring, 155-156 
present-day, 156-158 
Dendrochronology, 142, 197, 198, 202 
Desert environments, dating, 207 
Disaster preparedness, advances in, 16-17 
Displacements 
glacio-isostatic, 104-100 
ground, during Fort Tejon earthquake, 

25 

horizontal, 167-169 
per event, 217 
tectonic, 106-107 

vertical, 7, 48, 103-107, 112-115, 151, 
169-171 


see also Fault displacements 
Distributed shear, 41 
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Alaskan (1964), 7, 48, 49, 64, 111-112, 
118-119, 171 

along San Andreas Fault, 140-141 
belts, 30-31 

Borah Peak, Idaho (1983), 7, 13, 15, 33, 
204, 222-224 

Borrego Mountain (1068), 48, 144 
caused by quarrying, 67 
Charleston, South Carolina (1886), 31, 
34, 35, 50, 57, 97, 150 
Coallnga (1983), 25, 48, 72-73, 76, 160, 
166 

countermeasures, 15-17 
deformation cycle, 156 
deformations resulting from, 32-35, 149, 
155-158 

differences in, 149 

Dixie Valley, Nevada (1954), 32, 33, 49, 
51, 57, 191 

El Asnam, Algeria (1980), 48, 67, 69, 72, 
152, 218-219 
elapsed time of, 217 
Fort Tejon (1857), 25 
Canges flood plain, 64 
generation process diagram, 196 
ground displacement during, 25 
Guatemalan (1976), 48-49 
hazards, 14, 24, 45-60, 226-228 
Hebgen Lake, Montana (1959), 33 
Himalayan, 64 

historical records of, 10, 45-46 
Homestead Valley (1979), 166 
identification of, 150 
Imperial Valley (i.979), 171 
in cratons, 31 
in Upper Indus Basin, 92 
Inangahua, New Zealand (1968), 67, 171 
intraplatc, 32-33, 46, 116 
Kanto (1703, 1923), 116-117 
Lompoc (1981), 75-76 
magnitude, 33, 35, 49, 54, 55, 216 
maximum credible and maximum 
probable, 215-216 
mechanics of minor movements, 165 
Murchison (1929), 171 
Nankai (1946), 109, 161-162 
Nanknido (1707), 117 
Napier (1931), 171 

New Madrid (1811-1812), 14, 16, 31, 35, 
50, 59, 85, 87, 150 
Niigata, Japan (1964), 49 
Oroville, California (1975), 33 
Parkficld (1966), 25 
Pleasant Valley (1915), 191 
prehistoric, 11, 149-152 
recurrence, 9, 15, 56-57, <3, 85, 95, 114, 
115-120, 136-137, 142, 144-145, 161, 
200, 217, 224-226 
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San Fernando (1971), 24, 48, 138, 167, 
171 

San Francisco (1900), 12, 156, 157 
secondary effects of, 48-49 
size of Intraplate, 50 
size relation to fault rupture parameters, 
45-46, 54-55 
subduction zone, 58 
Tabas-e-Golshan, Iran (1978), 48 
Valentine, Texas (1931), 33, 34 
West Yellowstone (1950), 184, 188, 191 
Yellowstone Park, Wyoming (1975), 33 
see also Microearthquakess 
Paleoseismology; Predictions 
Elastic rebound theory, 156 
Electron spin resonance, 197, 198, 204-205 
Embayments, geometry of, 130-131 
En echelon anticlines, 72 
Engineering projects, cancellations, 12-14, 
47, 215-216 

Epeirogeny, 5-6, 30-32, 37-42 
Erosion 

cycle of, 126 
of fault scarps, 152 
stream valley, 128 
Escarpments 

drainage divide, 130 

profiles of, 131 

see also Fault scarps; Scarps 
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Fault displacements 
frequency of occurrence, 5 
lateral, 7 
measurement, 10 
relationship between earthquake 
magnitude and, 55 
vertical component of, 113-114 
Fault scarps 
erosion of, 152 
flexural-slip, 68 
generation of, 129-131 
gravitational effects on, 9 
hypothetical uplift history of, 126 
identification of, 150 
in alluvium, 127 
Late Quaternary, 48 
mapping, 55 

morphobgio dating and modeling 
degradation of, 181-193 
morphology of, 11, 142-144 
Reelfoot Lake, 46 
simple, 189-193 

Faulting/Faults and Fault systems and 
zones 

activity rates of, 54 
Alpine, 63, 149 

bending moment, 68-69, 72, 76 
classification of, 67 
dating prehistoric, 197, 200 
discontinuities in, 55-56 
earthquake epicentral and hypocentral 
distributions of, 53 


evaluation difficulties, 46 
geometry of, 217 
hazards related to, 47-40 
Holocene deposits in, 52, 144 
identification of, 150 
lateral movement of, 115 
Lost River, 2i9-220, 222 
low-shake, 76 

Meers, 15, 45, 46, 50, 55, 58-59 
monitoring, 25, 165 
mountain fronts generated by, 127-129 
North Anatolian, 56, 63, 151, 169, 173 
Oued Foddu, 217-218 
patterns of offset vs. time, 212 
recorded in strandlines, 112-115 
recurrence, 49, 52, 56-57, 211 
rupture parameters, 45-46, 54-55 
San Andreas, 6, 7, 12, 13, 21, 23, 25, 27, 
30, 39, 48, 51, 136, 138, 140, 144, 149, 
150, 151, 157, 158, 165, 168-170, 173, 
175, 200, 220-222 
San Jacinto, 144, 170, 174, 211 
segmentation, 55, 217-222 
slip, 165-167 
slip rales, 51-52, 56, 149 
Stillwater, 57 
Superstition Hills, 48 
thrust, 6, 8, 63, 69, 72, 106, 173 
Ventura, 69, 70, 75 
vertical movement of, 112-115 
Wasatch, 34, 51, 136, 151, 183, 185, 188, 
211,218, 221 

see also Active faulting/Faults; 

Flexural-slip faults; Strike-slip faults 
Fennoscandia, postglacial rebound of, 38, 
105 

Flexural-slip faults 
characteristics, 64-65 
examples of coscismic, 67-68 
Grey-Inangahua Basin, New Zealand, 

65, 72, 76 

related to folding, 48 
seismicity of, 75-76 
slip rates of, 146 

Ventura Basin, California, 65-66 
Fold-and-tlmist belts 

active tectonics of on-land, 73-75, 76 
mechanics of, 64 
Folding/Folds 

active faults related to, 63-77 
expressed by strandlines, 109-112 
flexural-slip fault relationship to, 48 
importance in tectonic studies, 11 
near-surface, 69-70 
related to faulting, 69-73 
societal implications of, 75-77 
Fossils, value in dating, 210 

G 

Gases, volcanic, 235, 240 
Geodesy 

near-field tectonic, 164-177 


recommended research priorities on, 17 
satellite, 53 
Geodetic monitoring 
accuracy, 37, 167-171 
techniques, 10, 167-177 
Ccologtc history, tectonic activity forecasts 
from, 4, 9 
Geology 

data base, 216-217 
real-time, recommended research 
priorities on, 18 

volcanic, of Nevada Test site, 251-253 
Ceomorphic indices 
mountain-front sinuosity, 138-139 
stream gradient, 137-138 
valley width-to-height ratio, 139 
Ceomorphic processes 
rates of, 7-9, 131-134 
surficiai, 136-146 
Ccomorphology 
focus of, 11 

investigatory techniques of, 136-146 
recommended research priorities on, 17 
soil, 146 
studies in, 27 

tectonic, of escarpments and mountain 
fronts, 125-135, 139-141 
Glaciations, dating of, 206-207 
Global Positioning System, 53, 162-163 
Grand Wash Cliffs, 130, 132, 133 
Gravitational field, changes preceding 
volcanic eruption, 240 
Gravity 

effects of on geomorphic process rates, 9 
methods for studying fault zones, 51 
Grey-Inangahua Basin, flexural-slip faults 
of, 65, 72, 76 

Ground motion, strong, characteristics and 
intensity, 47 

Gulf Coastal Plain, arching of, 38 

H 

Hawaii 

dry-tilt measurement in, 172 
volcanic activity in, 7-8, 31 
Hazardous waste, tectonic stability of 
disposal sites, 92, 247-259 
Hazards 

earthquake, 14, 24, 45-60, 226-228 
evaluation, 3, 4, 14, 24, 41, 45-60, 151, 
215-228, 247-259 
related to faults, 47-49 
seismic, trends in geologic analysis, 
215-228 

volcanic, 13, 247-259 
Henry Mountains, 183-184 
Hillslopes 
character of, 126 
degradation patterns of, 181-183 
loosening-limited, 183-185, 188-189, 191 
profile of, 187 

transport-limited, 183-188, 189. 191-193 
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weathering-limited, 184 
see also Slopes 
Himalaya 

greatest earthquakes of, 64 
map of southern margin of, 74 
thrust front, profile of, 74 
Historical records 
geodetic monitoring through, 10 
of earthquakes, 10, 45-40 
Holocene 

deposits, as indicators of fault activity, 52 
deposits. In faults, 144 
fault displacements, 13, 15 
motiaas, 39 

strandlines, 90-99, 102-108, 110-113, 
115-120 

see also Chronology; Puteoseismology 
Hot spots, 39, 41 
Hudson Buy, character of, 98 
Hurricane Cliffs, 130, 135 
Hydration 

obsidian, 197, 199, 206 
tephra, 197, 199 

1 

India 

active foreland thrust belt of, 73 
alluvial plain of, 73 
as a rigid indentor, 41 
underthrusting beneath Himalaya, 75 
Indus Valley, impact of active tectonics on 
river use, 85 

Instruments, geodetic monitoring, 10 
Interferometry, very-long-baseline, 10, 163 
Intcrplutc regions, characteristics of, 49 
Intraplate deformations 
mechanisms for, 40 
social impact of, 41 

Intraplate movements, 9, 30-12, 45-46, 
49-50, 55, 59 
Intraplate regions 
seismic hazard evaluation of, 49-50 
Iran 

impact of active tectonics on canal use, 
85 

strandlines in, 115 
uplift rate in, 10 

Iwo Jima, volcanic uplift of, 104-105 

J 

Japan 

active folding in, 06-67 
coseismic uplift in, 1 15-1 18 
investigation of faulted terraces in, 145 
strandlines, 97, 101, 108-110, 113, 115 
strutigruphic record of, 10 
vertical displacement rates in, 7 

L 

Luhars, 235 

Land use planning, 137 

Lundforms 

as indicators of fault activity, 52 


assemblages, 126, 139-141 
dating, 126 

evaluation of faulted, 144 
study of active tectonics througil, 4, 11 
types, 125-126 
Landslides, 48 -49, 02, 150 
Laser ranging 
satellite, 10, 42, 163 
strain measurement by, 10 
two-color, 10 
Lava flows, 234 
Level lines, 10, 53, 168 
Leveling, geodetic, 42, 53, 159-161, 166, 
169-171, 175 
Lichcnometry, 197, 199 
Liquefaction, 48-49, 150 
Lithospheric plates, see Plates 
Loess deposits, thermoluminescencc dating 
of, 205 

Los Gatos Creek, deformation of stream 
bed of, 72-73, 160-161 
Lost River Range, faults along, 13-14 
Low-Sun angle photographv, 50, 53, 56 

M 

Mngma 

associated with monogenetic volcanic 
centers, 249 
feeder systems, 249 
inflation, intraplate, 35-36 
intrusion into lower crust, 40 
movements, subsurface, 35 
separation, 40 

volume vs. time plots, 253, 255 
Magnetic field, changes preceding volcanic 
eruption, 240-241 
Magnetostratigraphy, 73, 75 
Magnitude 

maximum moment, of subduction zone 
rupture, 58 
moment, 54, 149 
scales, 54 
surface wave, 52 
see also Earthquake magnitudes 
Mammoth Lakes, intracrustal magmatism 
in, 36 

Mantle, dcnsification, 40 
Matuyuma Rcversed-Polarily Chron, 210 
Mendocino triple junction 
deformations at, 21, 25, 26 
plate activity at, 6, 20, 26 
Michigan Basin, 31, 33, 40 
Microearthquakes, 149 
Microplates 
boundaries, 49 
collision with major plates, 6 
domains, fault characteristics of, 49 
Microseismicity, determining distribution; 
of, 11-12 

Microtopogruphy, 140 
Middle America, population dwelling near 
volcanoes in, 237 


Mississippi River 
effects of uplifts on, 91 
history of, 87 

longitudinal profiles of, 86 
profile through Monroe Uplift, 88 
Mississippi Valley 
earthquake potential, 14 
impact of active tectonics on river use, 
85-91 

Modeling/Modcls 

characteristic earthquake, 222-224 
crustal structure and behavior, 24 
earthquake hazard, 226-228 
earthquake recurrence, 56, 224-226 
hillslope degradation, 185-193 
of fault scarps, 181-193 
of fault segments, 55 
of fold-and-thrust belt mechanics, 64, 
76-77 

Poisson-Exponential, 227 
process response, 141-146 
renewal, 228 

schematic, of fault structure, 57 
seismic deformation cycle, 156 
seismogenic, 47 
snowplow, 64 
time-predictable, 227 
Mojave Desert 

nontcctonic fault slip in, 169 
pediment surface in, 133 
Molasse sediments, 74 
Monitoring 
crustal tilt, 171-173 
deformation rates, 155-156 
dry-tilt method, 172-173 
faults, 25, 165 

geodetic, 10, 17, 37, 164-177 
Long Valley, 36 

recurrence of slip-stick faulting, 76 
San Andreas Fault system, 25 
seismic, of volcanoes, 239 
strain and stress, 18, 53 
stratigraphic, 10-11 
voleanors, 238-241 
see also Instruments 
Monroe Uplift 
active tectonics of, 87-90 
uplift rates of, 7 

Montague Island, verticul displacement of, 
7,48 

Montalvo Mounds, 72 
Morphology, stream-valley, 128-129 
Mountain blocks, 127-128 
Mountain fronts 
fatilt-gencruted, 127-129 
hypothetical uplift history of, 126 
tectonic geomorpholngy of, 125-135 
Mountains, see specific mountains 
Murray River, 81 

N 

Nankai Trough, seismic activity of, 161-162 
Neotectonics, 9, 39 
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Nevada Test Site 

radioactive waste disposal in, 248 
volcanic geology of, 251-253 
New Guinea 
coastline tilt of, 109 
strandlines, 90, 99-100, 107-109 
New Mexico, uplift in, 35 
New York, seismicity in, 34-35, 39 
New Zealand 

block diagram of Giles Creek faulting, 00 
coseismic upltit in, 119-120 
Investigation of faulted terraces in, 145 
strandlines, 97, 101, 111-113, 120 
see also Grcy-lnunguhua Basin 
North America 
seismicity of eastern coast, 97 
southeastern, character of coastline, 97, 
101 

western, historical earthquake records of, 
10 

see also United States 
Nuclear fuel, spent, disposal of, 248 
Nuclear reactors 
Bodega Bay, 12-13 
GE Vallecltos test, 210 
seismic hazards to, 215 
siting, 51, 215 

O 

Oakwood Salt Dome, 9SI 
Obduction, description, 6 
Oil exploration, in active fold-and-thrust 
belts, 76 

Oklahoma, fault displacements in, 15 
Oregon 

active-tectonic realms of, 21, 22, 28 
Coast Ranges, tectonic activity of, 26 
coastline displacement, 107 
plate activity beneath, 6 
Orogeny 

deform ational processes of, 5-6 
examples, 6 

P 

Pakistan 

active foreland thrust belt of, 73 
Salt Range, 64, 73 
Palcomagnetism, 200, 210 
Poleoseismicity 
Holocene, 144 
Paleoseismology 
Central Nevada Seismic Belt, 57 
earthquake magnitude approximation in, 
55 

earthquake risk assessment through, 125 
of San Andreas Fault zone, 56 
progress in, 149 

recommended research priorities on, 
17-18 

research techniques In, 148-152 
Palos Verdes Peninsula, marine strandlines 
of, 95 

Pearl River, effect of Wiggins Uplift on, 91 


Pediments, 131, 133 

Peninsular Ranges, tectonic activity of, 23 
Plato tectonics theory, 30, 49, 233 
Plates 

activity along margins of, 5-6 
Asiatic, G 

Australia-India, 119 
boundaries, 57, 95, 233 
boundary forces of, 39 
collision of, 6, 39 

convergence, 21, 57 58, 63, 73, 232-233 
Eurasian, 73, 75, 115, 116 
Indian, 6, 39, 73, 75 
Juan de Fuca-Gorda, 5-6, 20, 21, 26, 
57-58, 158 

location of volcanoes relative to, 232-233 
movement of, 6, 7, 10 21, 30 
North American, 5-7, 20-21, 25, 26, 39, 
50, 57,75, 158, 211 
Pacific, 5-7, 20, 21, 25, 26, 30-31, 75, 
119, 211 

Philippine Sea, 1G1 
rotation, 23 

sliding past each other, 30 
see also Interpiate and Intraplate listings; 
Microplates 
Pleistocene 

strandlines, 96, 98-102, 104, 106-109, 
111, 113, 115 

see also Chronology; Dating; 
Paleoseismology 
Porpoise structure, 23, 25 
Postglacial rebound, 30, 32, 36-37, 39, 41, 
105 

Predictions 

implications of proseismic deformations 
for, 34 

seismic event, 4, 7-8, 16-17, 34, 41, 49, 
57, 118, 136, 142, 144, 169, 249-251 
Probabilistic risk assessment, 253-256 
Probability studies, recommended research 
priorities on, 18 
Pyroclastic falls and flows, 234 
Pyroclastic surge, 235 

n 

Radar imagery, 50 

Radioactive waste disposal, volcanic hazard 
assessment for, 247-259 
Radioactive waste repository, effect of 
volcanic eruption on, 249-251 
Range fronts, characterization, 8 
Ranges, see specific ranges 
Reactivation concept, 39 
Red Mountain, strandline across, 113 
Research needs 
coastal tectonics, 120-121 
in coastal tectonics, 120-121 
in tectonic geomorphology, 135 
morphologic dating of fault scarps, 193 
on dating, 17 
on probability studies, 18 


seismologteai und paleoseismological, 
17-18, 151-152 
Ring of Fire, 30, 233 
Rio Grande rift, 35, 36 
Rivers 

major, in areas of structural instability, 

80 

sec also Aluvial rivers; specific rivers 
Rockfalls, 48 

S 

Sulton Trough, 21-22, 166, 169 
San Francisco Bay area, active faults of, 157 
Sun Gabriel Mountains, application of 
stream-gradient index to, 137-138 
Sand blows, liquefaction-related, 57, 150 
Santa Clara syncline, diugrammatic 
cross-section, 66 
Satellite, geodesy, 53 
Scarps 

tectonic geomorphology of, 125-135 
with simple initial morphology, profile 
of, 183 

see also Escarpments; Fault scarps 
Sea level 

changes, 30-37, 95-121 
history, 96, 99, 104 
Sedimentary deposits, use to appraise 
earthquake hazards, 24 
Seiches, 48-49 
Seismic gaps, description, 57 
Seismic moment, 54, 149 
Seismic networks, 4, 54 
Seismic reflection techniques, 51 
Seismicity 

global map of, 31 
of eastern United States, 50 
of intraplate regions, 49-50 
patterns of, 53-54 
resulting from magmu inflation, 35 
see also Paleoseismicity 
Seismographs, 25, 239 
Seismology 

improved techniques of, 149 
research techniques in, 148-152 
Seismometer networks, 53, 152 
Shivwiiz Plateau, 132 
Sierra Nevada foothills, earthquake and 
fault displacement potential of, 13 
Sinuosity 

mountain front, 8, 128, 137-139 
river channel, 82-84, 87, 88-92 
Slip 

ascismic, 165 
coseismic, 114 

dynamically triggered, 166-167, 169, 

174, 176 
preseismic, 174 

rates, 51-52, 56, 146, 149, 158, 216, 
225-226 
Slopes 

characterization of, 126-127 
elements of, 143 
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equilibrium tn, 120-127 
evolution of, 127 
patterns of change of, 127 
replacement, 130, 131 
retreat, 130 
scarp, 142 

transport-limited, )27 
weathering-limited, 127 
see also Htllslopes 
Soils 

disturbances be faulting and earthquakes, 
152 

geomorphology, 140 
Profile Development Index, 207 
Source directivity, 47 
Strain 
gauges, 27 
meters, 10 
rates, 34 
release, 7-8, 48 
tectonic, 10 
Strandlines 
depositional, 96, 97 
displacement and deformation of, 
103-120 

erosionai, 96, 97 

fault movement recorded in, 112-115 
Holocene, 96-99, 102-108, 110-113, 
115-120 
marine, 95-120 

Pleistocene, 96, 98-102, 104, 100-109, 
111, 113, 115 

Stratigraphy, monitoring tectonic activity 
through, 10-11, 200, 209-210, 213 
Stream valleys, morphology, 128-129 
Strike-slip faults 
disruptions by, 6 

landform assemblage characteristic of, 
140-141 

relationship between earthquake 
magnitude and displacement for, 55 
simple shear associated with, 142 
vertical displacements of, 151 
Subduction 

along offshore Peru-Chile trench, 98 
character of in northwestern United 
States, 45, 57-58 
description, 6 
oblique, 26 

of Juan de Fuca plate, 26, 57-58 
of Pacific Ocean plates, 30 
volcanic association with, 35, 36 
zones, earthquake magnitude in, 49 
Subsidence, 48 

Subsurface radar profiling, 50 
Surveys 

aeromagnctic methods, 51 
alignment, 53 
geodetic, 53, 162-163 
space-based, 163 
surface magnetic method, 51 


T 

Taiwan, fold-and-thrust belt of, 64 
Tallahala Creek, channel profile of, 90-91 
Tectonic uctivlty, see Active tectonics 
Tectonic processes 
rates, 5-9 
types, 5-6 

see also Epclrogeny; Folding/Folds; 
Orogeny 
Tectonic realms 
analysis of, 11 
definition, 21 

western conterminous United States, 
21-26 

Tectonics, intrapiatc, see Intraplate listings 
Tephrochronology, 73, 75, 200, 210 
Thcrmoluminesccnce, 197, 198, 204-205 
Thrusting 
dip-slip, 69 
oblique-slip, 69 

Tide-gauge records, 95-97, 102, 104-105 
Tigrus and Euphrates Valley, impact of 
active tectonics on canal use, 85 
Tilt 

along u straight coastline, 109 
leveling to detect, 171-173 
of bedrock and river terraces over 
Ventura Avenue Anticline, 146 
of murine strandlines, 107-109 
rate calculation, 108 
Tiltmctcrs, 10, 134 
Tomography, 149 

Toppenivh Ridge, Washington, bending 
moment faults at, 69, 72 
Transverse Ranges 

active faults in, 24, 149 
tectonic activity of, 23, 63-64, 65-66, 75 
Tremor, volcanic or harmonic, 239 
Trenching/T ranches 

across active faults, 152, 222-224 
exploratory, 51, 69 
log of, 222-223 
Triangulation, 53, 166-168 
Trilateration, 10, 53, 156, 158-159, 166, 
168-169 

Tsunamis, 48-49 
U 

United States 

central and eastern, earthquake 
characteristics in, 46 
eastern, seismicity in, 50 
eastern, vertical motion of, 39 
intrapiatc stress patterns for, 39 
Investigation of faulted terraces in, 145 
northwestern, subduction character of, 
57-58 

western, active fault evaluation in, 46 
western, vertical displacement rates in, 7 
see also North America 


Uplift 

following gluciul unloading, 37 
hypothetical history of, 126 
of Appalachian Mountains, 37 
of bedrock and river terraces over 
Ventura Avenue Anticline, 146 
rules, 7, 10-11, 23, 35, 36, 40, 100, 104, 
106, 115-120, 125-126 
strundline production by, 115-120 
theoretical patterns of, 1 16 

V 

Valleys 

warping of alluvial terraces in, 81 
width-to-helght ratio, 139 
see also Stream valleys 
Varvc chronology, 197, 198 
Ventura Avenue anticline, 7 , 23 , 75-76, 146 
Ventura Basin, 65, 73, 138 
Vermillion Cliffs, 131 
Viseoelastic relaxation, 32 
Volcanoes 
active, 26 
Cascade Range, 26 
characteristics of, 233-235 
deformutions associated with, 26 
distribution of, 232-233, 236 
eruptions of, 7-8, 233-235, 238, 241-245 
Hawaiian Islands-Emperor Seamount 
chain, 31 

hazurds to radioactive waste disposal, 
247-259 

historical record of, 10 
impacl of people, 236-238 
location relative to plates, 232-233 
monitoring, 238-241 
Mount St, Helens, 7-8, 235, 239, 244 
public response to, 241-245 
sociological impacts of, 231-245 
tectonic setting of, 231-245 
vertical displacements by, 104-105 
world distribution of, 232 

VV 

Wasatch Range, 185, 221 
Washington (state) 
active tectonic realms of, 21, 22, 26 
Coast Ranges, tectonic activity of, 26 
coastline displacement, 107 
plate activity beneath, 6 
volcanic activity in, 8 
Wiggins Uplift, active tectonics of, 90-91 
Wrench faulting, 2G 


Yellowstone National Park, intraerustal 
magmatism in, 36 

Z 

Zagros Mountains, 64 



